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Carbon nanoparticles in aquatic 
environments: Fate of fullerenes 
(C60) in freshwaters and their 
effects on organisms
Fullerenes are a promising 
group of carbon nanoparticles. 
Nano-size offers them special 
properties compared to bigger 
forms of carbon. Those properties 
may cause environmental risk if 
fullerenes are released into the 
environment. The present thesis 
covers analyzing methods for 
fullerenes in environmental samples, 
reveals fullerenes’ fate in aquatic 
environments, and demonstrates their 
effects on two aquatic species, water 
fleas and black worms.
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ABSTRACT 
Carbon nanoparticles, such as fullerenes, are one of the most promising groups of 
nanoparticles. Their versatile properties give them potential in various applications, for 
example in electronics, optics, medicine, and cosmetics. These applications include widely 
produced and sold consumer products. The relatively short life-cycle of these products can 
result in their quick disposal as waste, or even provides fullerenes direct access to waste 
waters. In addition, it is unrealistic to assume that fullerenes could be produced without any 
releases. Releases may induce risks in the environment because nanoparticles can behave in 
a different way than expected for “traditional” chemicals. Nano-size offers special reactivity 
and ability to penetrate physiological barriers that are lacking in bigger forms of the same 
matter. Thus, nano risk assessment needs special attention. As of yet, there is no legislation 
for products containing nanoparticles or their disposal because knowledge of nanoparticles’ 
environmental fate and effects is still defective. Lack of knowledge also arises partly from 
the lack of workable quantification methods. The present thesis covers analyzing methods 
for fullerenes in environmental samples, reveals fullerenes’ fate in aquatic environments, 
and demonstrates their effects on two aquatic species, water fleas and black worms. An 
ambition is that these studies could offer a piece of knowledge for environmentally safe use 
of fullerenes.    
  The character of water determined how long fullerenes are expected to remain in water. 
Remaining period is important to know so that the fullerenes’ fate and possible target 
species could be predicted. In these studies the composition of dissolved natural organic 
matter in natural waters was in important role. The same chemical properties, which lead to 
higher water stability, made fullerenes more toxic to water fleas. These can potentially be 
predicted from high value of parameter sUVa. Instead, opposite properties can lead to rapid 
settling and thus cause a risk of exposure to benthic species, and also predict higher 
fullerene intake on water fleas. The disadvantages of fullerenes in individual organisms 
were slight but high intake offers them a route upwards in the food web. This trophic 
transferring can incur offending over the long time. Fullerenes were also transferred from 
one phase to another by both tested organisms: water fleas “packed” fullerenes to large 
particles causing their settling to the bottom. Black worms relocated fullerenes from the 
sediment to its surface through feeding and excretion. In consequence of these removal and 
bioturbation processes the bioavailability of fullerenes to other organisms, especially living 
on sediment surface, potentially increases.     
 
LCSH:  Nanoparticles – Bioavailability. 
LCSH:  Nanoparticles – Waste disposal. 
LCSH : Environmental toxicology. 
LCSH : Lake sediments. 
 
YSA: fullereenit 
YSA: nanohiukkaset – elinkaari 
YSA  makea vesi – sedimentit 
YSA: biosaatavuus 
YSA: ravintoverkot 
YSA: ekotoksikologia 
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1 Introduction 
Nanotechnology has produced plenty of new applications since the middle of the 1990’s, and its 
growth is continuous. The success of nanotechnology is based on nano-size particles (NPs) and 
structures which provide new, unique properties with several practical possibilities in technology, 
medicine, and consumer products. Increasing manufacturing and use of NPs give raise to a risk 
that they reach to the environment. The situation is similar to that of other chemicals: there is no 
reason to assume that the manufacturing and use of NPs can or will be a perfectly closed system 
without any discharges: thus, the potential ecological risks of NPs need to be understood. 
Nanoproducts are already on the market – more than 1300 products exist today – but the 
knowledge of the environmental fate and effects of nanoparticles is still defective.   
  Concern about the environmental effects of NPs has increased in the 2000s, and today 
nanoecotoxicology is already its own discipline. The discipline is in its infancy because there is still 
a lack of analytical methods, of knowledge about the environmental fate of NPs, as well as their 
possible effects. Because of these limitations, there is no legislation for nanoparticles. A particle in 
the nano-size differs from bigger forms of the same matter and can thus behave and effect in a 
different way, which may cause a need for nano-specific legislation and regulation.  
  What makes nano-size so unique? Universally, nano-size means matter at least one dimension of 
which is less than 100 nm. When particle size is shrunken, the surface area and amount of surface 
electrons become relatively larger than in bigger particles. This provides a potential of extended 
reactivity and new chemical, physical and biological properties for applications. The same wanted 
properties may cause harm if they occur uncontrolled when particles have been released to the 
environment. 
  Nanoparticles can be composed of one or several kinds of matter. They can be classified 
according to their origin as man-made or manufactured, natural, and by-products. Nanoparticles 
can also be classified according to their composition, for example as carbon based and metal based 
particles (figure 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Classification of nanoparticles. 
 
  The variety and special properties of NPs make the assessment of their environmental 
fate and possible environmental risks a kind of challenge. At the present time, general 
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Combustion products, volcanic ashes 
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instructions are only drafts. For example, appropriate dose-metrics should be 
considered because, for example, in nanotoxicity particle number and/or surface area 
may have a more important role than “traditional” concentration. One challenge is 
how to assess functionalized NPs because modifying the basic structure by adding 
functional groups to the surface alters NPs’ chemistry and function. Also, the sample 
preparation method defines some properties of NPs, while exposure media may 
change surface properties of NPs and thus affect, for example, their water stability; 
these factors make nanoecotoxicity research more challenging. Nevertheless, there is an 
urgent need for nano-special guidance to ensure that environmental risks of NPs will 
become relevantly qualified and appropriate specifications for safe handling can be set. 
This thesis is focused on a type of carbon based nanoparticles, fullerenes. The issue in 
question is that a chemical and particle-like matter possesses nano-specific properties 
along with the “traditional” chemistry of carbon, and has potential in a variety of 
applications. Industrial scale production of fullerenes reached tons per year already a 
decade ago (Murayama et al. 2004) and is increasing continuously, which makes 
understanding the environmental effects of the particles very topical. General 
properties of fullerenes and current knowledge of their environmental impacts are 
described in the first sections. The experimental part presents methodological 
developments for analyzing fullerenes in environmental samples, reveals fullerenes’ 
behavior in aquatic environments, and demonstrates their impacts on two aquatic 
species. The purpose of these studies is to offer a piece of knowledge on the safe 
environmental use of fullerenes.   
 
1.1 FULLERENES  
Fullerene (C60) is an allotrope of carbon, consisting of 60 carbon atoms (figure 2a). 
Unlike other forms of carbon: graphite, grapheme, and diamonds, which are repeating 
atomic cage structures (figure 2b-d), and amorphous carbon without regular structure 
(figure 2e), fullerenes have a molecular shape with hexagons and pentagons of carbon 
atoms. These rings are built to football-like nano-sized structure of fullerenes, known 
also as buckyballs or buckminsterfullerene. Fullerene structured molecules exist from 
the smallest known one, C28 built by four hexagons and 12 pentagons to those built up 
with even hundreds of carbon atoms. Universally the structure of fullerene is described 
as C20+2m meaning 12 pentagons and m hexagons. The most stable fullerenes are C60 
and C70 because of energetic reasons (Zhang et al. 1992). In this thesis the word 
“fullerenes” means C60 explicitly. This molecule consists of 20 hexagons and 12 
pentagons and has diameter of 0.72 nm (figure 2a). 
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Figure 2: Structures of carbon allotropes. A) Fullerene-C60 (Di Ventra), B) graphite 
(benbest.com), C) graphene, a layer of graphite (metrolic.com), D) diamond (uwgb.edu), and E) 
amorphous carbon (vislab.uq.edu.au).    
 
The electronic structure of fullerene molecule is stable because all the electrons are 
placed in bonding molecular orbitals. Four valence electrons of each carbon atom are 
bonded into the molecule cage, allowing only weak van der Waals interactions 
between molecules. All carbon atoms in the fullerene molecule are equivalent, having 
sp2 hybridization. However, two different lengths of bonds occur: the length between 
two six rings is 1.38Å, and between six and five rings 1.45Å. This places double bonds 
to six rings and results only a weak delocalization of π-electrons. Due to this double 
bond placing, reactions most likely happen to one of the junctions between two six-
rings (Diederich 1997, Di Ventra 2005).  
  Reactions of fullerenes happen as a result of either adding to or removing from the 
electrons of the π-system (Bühl and Hirsch 2001). Due to its closed structure, reactions 
to the fullerene cage happen to its outer side. Electron affinity of C60 is 2.65 eV which 
makes them more electronegative than most hydrocarbons. Electronegativity and lack 
of substituents allow fullerenes to react readily like electron-deficient poly-alkenes. 
Relatively high electron affinity favors nucleophilic additions, allowing fullerene to 
react with many nitrogen, hydrogen, sulphur, and oxygen containing nucleophiles. 
These are often present in biological molecules, offering a potential to be used in 
medicinal and biological applications (Di Ventra 2005).   
  Besides poly-alkene character, fullerenes can also easily be imagined to have aromatic 
properties due to π-electrons in the rings, similar to planar aromatic molecules, or even 
to be “super aromatics” (Bühl and Hirsch 2001). The aromatic character of fullerenes 
was predicted already in 1985 when buckminsterfullerene was discovered (Kroto et al. 
1985). Nevertheless, aromaticity of fullerenes is complicated. Unlike planar organic 
molecules, there is no saturation by hydrogen atoms in fullerenes. Thus, substitution 
reactions characteristic in aromatic compounds cannot happen to fullerenes. On the 
other hand, fullerenes can also be deemed aromatics and they have been named to 
express “ambiguous aromatic character with the reactivity of continuous aromatic 
molecule” (Haddon 1993). Later it was suggested that due to extensive cyclic 
delocalization of -electrons and thus aromatic stabilization is present in fullerenes, but 
other contributions, like strain, can be more significant for fullerenes’ character and 
delocalization of -electron in fullerenes is limited compared to planar aromatic 
molecules. Thus, fullerenes could be described as three-dimensional aromatic 
molecules with intermediate situations and both aromatic and anti-aromatic regions 
A                        B                         C                        D                                   E 
0.72 nm 
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(Bühl and Hirsch 2001). This unique character complicates the assessment of fullerenes’ 
targets in the environment.   
 
1.1.1 Unique shape: A promise of new possibilities 
Since their discovery in 1985 by Curl, Heath, O’Brian, Kroto, and Smalley (Kroto et al. 
1985) fullerenes have interested and inspired researchers and inventors. For example, 
some of the first ideas included using “Buckyballs” as solid lubricants rolling between 
surfaces (e.g. Bhushan et al. 1993, United States Patent 5558903) or as drug carriers via 
trapping a drug molecule inside the fullerene cage. Later those (Jaekeun et al. 2009, 
Bakry et al. 2007) and plenty of other applications for fullerenes themselves as well as 
their derivatives have been taken into practice. Still more are under development 
because nano-size and molecular structure do provide fullerenes with unique 
properties different from those exhibited by other forms of carbon. Fullerenes have 
proven to have such potential that the scientists who found it were awarded a Nobel 
Prize in 1996.  
  In visible scale fullerenes appear as black powder. Some of their chemical and 
physical properties compared to other forms of carbon are presented in table 1. Unlike 
other carbon allotropes, fullerenes are soluble in nonpolar solvents, modifying colored 
solutions. Optical properties of fullerene solutions are interesting: they act like optical 
limits filtering visible light that more that is the intensity of light. Optical and electrical 
properties provide plenty of possibilities for the application of fullerenes (Sherigara et 
al. 2003), for example artificial photosynthetic systems (Imahori and Sakata 1997) or 
organic photo voltaics in solar energy techniques (Brabec 2004). 
 
Table 1: Some chemical and physical properties of carbon allotropes. 
Allotrope  Molecular 
weight g/mol 
Melting point °C Density g/cm3 Resistivity 
µΩ/cm 
C60 720 527 (sublimes) 1.65 0.1014 
amorphic - 3652-3697 
(sublimes) 
1.8-2-1 - 
graphite - 3652-3697 
(sublimes) 
1.9-2-3 1375 
diamond - 3550 3.50-3.53 2.7*109 
 
Derivatization through adding atoms or functional groups to fullerene surfaces 
modifies their properties. For example, adding halogen atoms (fig. 3A) diminishes 
volume of carbon atom in halogenated fullerenes between 5 and 10 Å3 whereas atom 
volume in free C60 is 11 Å3 (Hübschle et al, 2007). Halogenation, as derivatization 
generally, provides more potential for products (Taylor 2004) and as such is one of the 
future applications of fullerenes but at the same time gives reason for a more detailed 
assessment of environmental effects. A recently published and interesting aspect to 
chlorinated fullerenes is that chlorination may be happened in environmental 
conditions by photochlorination (Wang et al. 2012). In medicinal and cosmetic use 
fullerenes are often derivatized or masked to increase their water solubility by adding 
hydrophilic groups like amino- or carbocxylic acid, or encapsulating cage in carriers, 
for example cyclodextrins or polyvinylpyrrolidone (PVP). Applications of fullerenes 
are found also in electronics. Fullerenes themselves do not conduct electricity but they 
modify superconductors combined, for example, with rubidium, Rb3C60, and some 
17 
 
fullerene derivatives, like (6,6)-phenyl C60-butyric acid methyl ester (PCBM-fullerene, 
figure 3B), are used as semiconductors (Bouchard et al. 2009).  
 
 
Figure 3: Examples of derivatized C60. A) Halogenated fullerenes. B) PCBM-fullerenes, the 
most commonly used in semiconductor applications (http://www.nano-
c.com/fullerenederivatives.html#pcbm 10th Aug, 2012).  
 
Besides modifying the outer side of fullerene cage, the inner space can also be 
occupied. The so called endohedralic fullerenes (figure 4) are manufactured by closing 
atoms or molecules inside the cages during their construction. One example is an 
endohedralic metallofullerene, meaning metal atoms placed into the cage. 
Endohedralic metallofullerenes may be applicable as tracers in medicine in magnetic 
resonance and X-ray imaging because they are small enough to enter into cells, and the 
metal atom can be observed (Bosi et al. 2003, Bakry et al. 2007).  
 
Figure 4: Pegylated-hydroxylated endohedral metallofullerenes: Gd3N@C80 or Lu3N@C80 (red = 
gadolinium or lutetium, blue = nitrogen). Potential agent in magnetic resonance imaging. 
Adopted from Fatouros et al. 2006.  
 
1.1.2 Fullerenes in aquatic environments: Do good properties turn bad?  
As for any other chemical, safe production and utilization in commercial applications 
can be achieved by knowing fullerenes’ potential to cause harmful effects in the 
environment, and creating relevant legislation. Some properties of fullerenes are 
raising concern about their environmental effects. Firstly, they belong to nanoparticles, 
A 
B 
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are found also in electronics. Fullerenes themselves do not conduct electricity but they 
modify superconductors combined, for example, with rubidium, Rb3C60, and some 
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fullerene derivatives, like (6,6)-phenyl C60-butyric acid methyl ester (PCBM-fullerene, 
figure 3B), are used as semiconductors (Bouchard et al. 2009).  
 
 
Figure 3: Examples of derivatized C60. A) Halogenated fullerenes. B) PCBM-fullerenes, the 
most commonly used in semiconductor applications (http://www.nano-
c.com/fullerenederivatives.html#pcbm 10th Aug, 2012).  
 
Besides modifying the outer side of fullerene cage, the inner space can also be 
occupied. The so called endohedralic fullerenes (figure 4) are manufactured by closing 
atoms or molecules inside the cages during their construction. One example is an 
endohedralic metallofullerene, meaning metal atoms placed into the cage. 
Endohedralic metallofullerenes may be applicable as tracers in medicine in magnetic 
resonance and X-ray imaging because they are small enough to enter into cells, and the 
metal atom can be observed (Bosi et al. 2003, Bakry et al. 2007).  
 
Figure 4: Pegylated-hydroxylated endohedral metallofullerenes: Gd3N@C80 or Lu3N@C80 (red = 
gadolinium or lutetium, blue = nitrogen). Potential agent in magnetic resonance imaging. 
Adopted from Fatouros et al. 2006.  
 
1.1.2 Fullerenes in aquatic environments: Do good properties turn bad?  
As for any other chemical, safe production and utilization in commercial applications 
can be achieved by knowing fullerenes’ potential to cause harmful effects in the 
environment, and creating relevant legislation. Some properties of fullerenes are 
raising concern about their environmental effects. Firstly, they belong to nanoparticles, 
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a group of new materials which urgently need attention in terms of risk assessment 
and legislation. In addition, some properties of fullerenes complicate the assessment of 
their fate and targets in the environment.  
1.1.2.1 Water solubility   
Fullerenes have a dualistic character in water solubility, which makes them very 
interesting and challenging especially in aquatic ecotoxicology. Traditionally the fate of 
pollutants in aquatic environments is assessed on the basis of their water solubility 
using the octanol-water distribution coefficient log Kow. Poorly water soluble pollutants 
are expected to end up to bottom sediments and to lipids of organisms in aquatic 
environments. For example, water solubility for an organic pollutant, PCB77, is 5.5-
7.5*10-4 mg/L and log Kow is 6.6 giving a strong affinity to organic carbon in sediments 
to PCB77 (Sabljic et al. 1993). Also fullerenes are insoluble to water and other polaric 
solvents: water solubility is less than 10-9 mg/L (Ruoff et al. 1993), and log Kow is 
measured to be 6.67 (Jafvert and Kulkarni 2008). Along these values fullerenes should 
express an orientation away from water. However, fullerenes have a characteristic of 
modifying water-stable colloidal clusters of several single molecules when they are 
stirred in water. These clusters, or agglomerates, are named nano-C60 or nC60 for short, 
and they can be formed either in a laboratory by vigorous stirring, or in the 
environment due to natural processes like water flow and mixing (Chen et al. 2004, 
Scharff et al. 2004, Brant et al. 2005).  
  The agglomeration process is caused by water molecules surrounding either 
individual C60 molecules or more likely a group of them. Existence of structures like 
C60(H2O)60 and C60(H2O)n has been calculated with molecular modeling (Scharff et al. 
2004, figure 5).  
 
 
Figure 5: A model of fullerene molecule surrounded by water molecules. Adopted from Scharff 
et al. 2004.    
 
Fullerene agglomerates form a colloidal suspension in water. In suspended form 
fullerene agglomerates are able to remain in water much longer than expected by 
fullerenes’ log Kow: concentrations even up to 100 mg/L are reported (Deguchi et al. 
2001), and nC60 may remain in water for months (Fortner et al. 2005). Agglomeration 
increases the particle size of fullerenes significantly: a diameter of single molecule of 
C60 is 0.72 nm, whereas nC60 may modify clusters from 10-20 nm up to micrometric 
scale (figure 6).  
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Figure 6: Fullerene agglomerates formed in artificial freshwater of 0.5 mM [Ca2++Mg2+] 
hardness, pH 6.8. A) Nano-sized nC60, scale bar 50 nm, B) Large nC60 agglomerates, scale bar 
2000 nm. TEM micrographs by K. Pakarinen. 
 
  Water characteristics such as pH and ion concentration affect agglomeration process 
by determining the size and shape of forming clusters. Agglomerates become smaller 
with increasing pH which affects their shape. Shape of the smallest agglomerates 
typically appears circular, whereas larger agglomerates are more angular (Fortner et 
al., 2005, Brant et al., 2006). It is also noteworthy that the method used for suspending 
affects the size and other properties of agglomerates (Duncan et al. 2008); this will be 
discussed further below. 
  Water stability is critical for the mobility and targets of chemicals. Long residence 
time in the water phase means that chemicals can be transported and spread widely 
and pelagic organisms will be exposed as well. Water stability of fullerenes, as colloidal 
particles in general, is described by electrophoretic mobility. Electrophoretic mobility 
can be determined by measuring zeta potential, which is a potential between electrical 
double layer around the particle and surrounding liquid (figure 7). An inner ion layer, 
called Stern’s layer (a-b in fig. 7), contains strongly bound ions and it follows the 
movements of the particle, and an outer layer (b-c in fig. 7) is composed of less bound 
ions (Atkins 1993). The zeta potential determines interactions of the particle with its 
surrounding.  
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Figure 7: Stability of colloidal particles in water. An electrical double layer (a-c) surrounds the 
particle. A key for colors: Grey = particle, orange = Stern’s layer, green = outer ionic 
surrounding, blue = electrically neutral solution.  
 
Particles with a zeta potential of less than -30 mV (or more than +30 mV) are 
considered to form stable colloids, because strong electrostatic repulsion between 
similarly charged particles prevents their further aggregation and thus precipitation 
out of the suspension (e.g. Ma and Bouchard 2008). Zeta potential of nC60 is typically 
about -30 mV or less in deionized water, becoming less negative with increasing ion 
concentration. Thus, increasing ion concentration raises agglomeration efficiency 
(Duncan et al. 2008). For example, up to the NaCl concentration of 0.001 M the zeta 
potential of nC60 stays at -30 mV and fullerenes remain in the water phase but higher 
concentrations cause enhanced settling (Brant et al. 2005). Occurrences of divalent 
cations especially lead to the rapid settling of agglomerates out of suspension by 
disturbing the electric double layer (Chen 2006). On the contrary, a strong negative 
charge prevents binding of nC60 to other negatively charged species in water (Ma and 
Bouchard 2008). 
1.1.2.2 Environmental parameters are critical  
In real aquatic environments divalent cations and other ions as well as dissolved 
natural organic matter (DNOM) are present in various concentrations and possibly 
affect fullerenes’ agglomeration stage. Also, pH varies between water types and areas; 
Finnish freshwaters present typically slightly acidic (pH 5-7). For fullerenes naturally 
existing pH values mean that pH should not be critical for agglomeration process of 
fullerenes since between pH 5 and 9 the agglomerate size remain nearly constant 
(Fortner et al. 2005). Ion concentrations in Finnish freshwaters are relatively low, and a 
hardness as [Ca2++Mg2+] is often less than 0.5 mM. This is so low that it should not have 
any significance for fullerenes’ behavior. Instead, Finnish freshwaters express wide 
DNOM concentration ranging from a few milligrams to dozens of milligrams per liter 
(5-30 mg/L; Lahermo et al. 1995). Effects of DNOM to the agglomeration of fullerenes 
are still largely unknown but a general observation is that DNOM can enhance water 
stability of fullerene agglomerates by dissociating them to smaller particles (Xie et al. 
2008). An understanding of agglomeration processes and the parameters affecting it in 
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natural environments is crucial for assessing the fate of fullerenes, and was thus chosen 
as the first part of these studies.            
1.1.2.3 Not only good but sometimes bad 
One beneficial property of fullerenes is their ability to adsorb and carry other 
molecules. As other carbonaceous materials with large surface area, fullerenes are also 
effective adsorbents, which enable them to be exploited in analytical and technical 
applications. Fullerenes can be used as a stationary phase in chromatography because, 
for example, organometals have stronger affinity to fullerenes than to other 
carbonaceous adsorbents, carbon black or RP-C18 (Munoz et al. 2005). Generally, 
increasing hydrophobicity increases a chemical’s affinity to fullerenes (Ballesteros et al. 
2000). This applies exactly to molecular fullerenes but the sorption ability also remains 
in water stable nC60, thus fullerenes have been studied for environmental applications. 
Sorption of polycyclic aromatic hydrocarbons (PAHs), like naphthalene, phenanthrene, 
and pyrene, as well as several other environmental pollutants onto fullerenes are 
evidence, offering fullerenes a chance to be used in environmental remediation 
(Ballesteros et. al 2000, Cheng et al. 2004, Yang et al., 2006).  
  Sorption ability may turn into a disadvantage, if it occurs in the environment 
“without control”, and is an aspect of concern about the environmental effects of 
fullerenes’. Polyaromatic hydrocarbons, as hydrophobic organic compounds (HOCs) 
generally, are present almost everywhere: it is a possibility that they can end up 
interacting with fullerenes in the environment. In addition, fullerenes are formed 
concurrently with PAHs in combustion processes (Bachmann et al. 1996), which may 
also allow them to interact together. Other molecules can also be adsorbed to nC60, and 
within agglomerates they may reach different phases or targets compared to when 
they occur by themselves. This binding to nC60 can alter the toxicity of xenobiotics. For 
example, higher toxicity and faster and higher intake by Daphnia magna has been 
reported for phenanthrene bound to nC60 compared to phenanthrene itself (Baun et al. 
2008). Other molecules are adsorbed onto the surfaces of nC60 but because of the 
progressive character of agglomeration process, they may be entrapped inside of 
agglomerates (Yang and Xing, 2007, fig. 8). On the other hand, that is why 
agglomeration behavior can be exploited in those medicinal applications where a water 
stable vehicle is needed: fullerene agglomerates could be transfers of drugs carrying 
molecules in a water stable form (Bakry et al. 2007).  
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Figure 8: Entrapping of pollutant molecules inside of nC60. Agglomeration produces interstitial 
spaces (arrows) where molecules can be trapped. (Adopted and modified from Yang and Xing, 
2007).       
    
  In the environment this means that other contaminants entrapped inside the 
agglomerates can, for example, remain in water much longer than they would by 
themselves. They may also be transferred to new targets, or may alter toxicity of 
fullerenes as well. Area of this co-passage is not yet understood well. Thus, much more 
research is needed to understand the interactions between fullerenes and other 
pollutants, and their possible interactions. The currente studies do not contemplate the 
interactions but offer knowledge of behavior of fullerenes themselves and can thus be 
used as a basis for further studies. 
 
1.1.2.4 Fullerenes’ toxic potential: does it exist or not? 
Besides possible interactions with other xenobiotics, fullerenes themselves may have 
harmful effects on organisms. Safety of nanoparticles generally - and of fullerenes 
specifically - has been under debate because of their unexpected properties compared 
to bigger ones. The worrying properties of nanoparticles are their ability to penetrate 
cell membranes, change cell morphology, generate reactive radicals and participate in 
redox reactions (Moore 2006, Nel et al. 2006). Also fullerenes do exhibit the preceding 
properties: they have facility for attending redox reactions as electron transfers and 
generate singlet oxygen after irradiation (Bosi et al. 2003); they have also been 
suggested to have antibacterial potential due to affecting on the cell wall of bacteria 
(Lyon et al. 2006). Fullerene’s ability to penetrate cell membranes in cell culture is 
documented as well (Horie et al. 2010).  
  All mentioned features can be used in beneficial applications. For example, 
scavenging electrons in free radical forming is readily hyped attribute in 
nanocosmetics (Chae et al. 2010). It is also mentioned as a potential medical treatment 
in diseases related to oxidative stress like neurodegenerative disorders, arthritis, and 
acne vulgaris (Inui et al. 2011). In these medical uses fullerenes are derivatized or 
chelated by other molecules but fullerene molecule itself is in a critical role as an 
electron scavenger. As for penetration through biological membranes, upon fullerenes 
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being used as vehicles, it is an essential property when they are wanted to reach their 
target inside cells. 
  Another side of fullerenes’ serving as electron transfers and passing membranes gives 
rise to the concern thaty may cause oxidative stress in cells, and was one of the first 
mentioned reasons for starting nanoecotoxicological studies (e.g., Oberdörster 2004). 
Yamakoshi et al. (2003) describe the basis of fullerene caused oxidative stress that 
occurs due to exciting C60 from ground state to singlet 1C60 by photoirridiation. the 
singlet state is short living and thus converted to a triplet state 3C60 at once via 
intersystem crossing (ISC in eq. 1). When molecular oxygen is present the fullerene’s 
decay from triplet to ground state transfers energy to oxygen, creating 1O2 (eq. 1), 
singlet oxygen, which is highly cytotoxic: it reacts with biological molecules like lipids, 
proteins, nucleic acids and carbohydrates (Markovic et al. 2007). 
 
 
C60    1C60    3C60            C60 (1) 
 
Generation of 1O2 happens to fullerenes effectively in nonpolar solvents (Yamakoshi et 
al. 2003). Instead, in polar solvents like water in physiological or environmental 
conditions, prior the high-energy singlet and triplet fullerenes which are acceptors can 
be reduced to fullerene radical anions, C60 - by electron transfers (Yamakoshi et al. 2003, 
eq. 2).  
 
 
C60   1C60    3C60     C60 - (2) 
 
 
In physiological conditions – requiring permeation through cell membranes- reducing 
agents like co-enzyme NADH (nicotine amide adenine dinucleotide) and guanosine 
are present and allow the mentioned reactions to occur. Furthermore, the fullerene 
radical anions can transfer an electron to O2, producing a superoxide anion radical O2 - 
and hydroxyl radical OH (Yamakoshi et al. 2003, Bakry et al. 2007). The described 
radical generation gives fullerenes with suitable conjugates potential to be used in 
cancer therapy by killing tumor cells (Bakry et al. 2007), but is a worry in toxicological 
and environmental research (Johnston et al. 2010).  
  Besides oxidative reactions, fullerenes have been predicted to be harmful simply 
because of their small size, which may allow them to cause inflammatory reactions and 
enlarge their surface electron density causing higher reactivity (figure 9). The size-
dependent cytotoxicity of nC60 has been observed in cultured human cells, causing 
apoptotic damages at low concentrations, such as 200 µg/L (Song et al. 2012). This was 
explained by an increased particle surface area. Also, similar mechanisms observed 
caused by other types of nanoparticles (quantum dots and gold NPs) have been 
suggested to occur with fullerenes: coating agglomerates with proteins could enhance 
their binding and the activation of membrane proteins. Additionally, smaller 
agglomerates can be easier taken to the cells via endocytosis than larger ones (Song et 
al. 2012).  
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Figure 9: Possible mechanisms of fullerene toxicity. Combined from literature. 
Mentioned cellular processes are under debate in aquatic research: do they occur in the 
agglomerated fullerenes or not? Are fullerenes able to reach suitable targets to have these effects 
in organisms or do they occur in cell cultures only? An important question is also how to 
arrange experiments for testing of fullerene toxicity, because toxicity tests require special ionic 
and pH conditions, which may affect fullerenes agglomeration.  
1.1.2.5 Environment complicates toxicity: What and how to study? 
Environmental toxicity of fullerenes is complicated indeed: the form in which 
fullerenes are present is critical; aquatic conditions determine agglomeration behavior 
and may allow encapsulation in or on surfaces of natural particles, and expose 
fullerenes to photo irradiation in surface water as well. To research environmental fate 
and effects, laboratory models of environmental exposure are designed. This means 
that appropriate method to have fullerenes in the water matrix must be chosen to 
mimic situations where fullerenes have released to natural water. Three main methods 
to suspend fullerenes to water have been described: 1) solvent exchange, meaning that 
fullerenes are dissolved into an organic solvent, and then mixed to water and then the 
solvent evaporated, 2) sonication fullerene powder to water, and 3) stirring method, 
whereupon fullerene agglomerates are formed by extended vigorous stirring.  
  The preparation method affects the form of agglomerates and also their toxicity. 
Toxicity has been reported to decrease in the range of methods from solvent exchange 
> sonicating > stirring (Klaine et al. 2008). Early studies especially often used organic 
solvent as a vehicle - a rapid and thus tempting method for producing fullerene 
suspensions. Nevertheless, the solvent method may cause faulty results due to solvent 
residues in agglomerates (compare figure 8 in page 20). In fact, some early toxicity 
results have later been shown to be attributable to byproducts from the solvent 
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dispersion method (Henry et al. 2007, Spohn et al. 2009, Henry et al. 2011). Toxicity 
tests on Daphnia magna have shown relatively low toxicity for water-stirred fullerenes: 
50 % effective concentrations (EC50) have been between 5 and 35 mg/L. Instead, for 
solvent prepared suspensions EC50 has been even one or two magnitudes lower (Klaine 
et al. 2008). The sonication method does not need solvents, but it produces smaller 
agglomerates than could be formed in environment where such high powered mixing 
is not expected to occur. On the other side, both solvent and sonication method could 
be relevant in the case of industrial discharge if those methods are used in industry, 
making fullerenes to be predicted to reach aquatic environments in those forms.   
  The stirring method is the most relevant in ecotoxicity studies, because it mimics 
those processes occur if fullerenes are released to aquatic environments. It is 
noteworthy that the fullerenes’ capacity to generate reactive oxygen species may be 
present in nC60 produced by stirring method, although their potential to produce these 
species is weaker than those produced by the solvent method (Markovic et al. 2007). 
For example, necrotic cell death observed in the cell culture exposed to water stirred 
fullerenes (Markovic et al. 2007). The result was explained by reactive oxygen species 
and it correlated with mathematical model of generation of 1O2 presented in the same 
paper. The generation of reactive oxygen species (ROS) by water-suspended fullerenes 
is not well-understood and contradictory results have been reported. For example, 
induction of oxidative stress by water stirred fullerene agglomerates was observed in 
cell cultures; whereas, necrosis or effects on cell viability were not observed in the same 
study (Horie et al 2010). Besides cell cultures, fullerene related oxidative damages have 
been reported on the entire organism level in Daphnia magna’s alimentary canal cells 
(Yang et al. 2010). In a recent review paper Henry et al. (2011) present several views 
against ROS generation by nC60 itself, but also mention a couple of investigations 
where fullerenes possessed ROS activity. Oxidative stress caused by fullerenes is thus 
under debate and would need more research.    
  Fullerenes’ effects may not focus on individual organisms only. For the present, 
however, only a few studies have touched on these wider effects. Offspring reduction 
for D. magna at 2.5 and 5 mg/L nC60 concentrations has been reported (Oberdörster et 
al. 2006). Some indications of the toxicity of fullerene particles have also been seen in a 
terrestrial species, earthworm, as reduced growth rate and cocoon production. These 
kinds of effects can be extrapolated to the population level as changes in population 
dynamics and they may indicate fullerenes’ potential of causing long-term and wide-
spread effects, for example, in food chains (van der Ploeg et al. 2011).  
  The environmental implications of agglomeration and water stability of fullerenes are 
direct at mobility and possible light reactions in water phase and at target organisms as 
well (figure 10). Photodegradation of nC60 into smaller agglomerates (Hou and Jafvert 
2009) and a partial photochemical transformation of surfaces of agglomerates (Qu et al. 
2010) are reported, as well as fullerenes’ transformations to water-soluble fullerols and 
other photoproducts with olefinic carbon atoms, vinyl ether, carboxyl and carbonyl 
groups (Hou et al. 2010). A recent study by Murdianti et al. (2012) presents that the 
oxidation of C60 to C60O occurs on the surfaces of nC60 by O3 available in ambient air. 
This produces hydrophilic areas on the surface of fullerene agglomerates which 
enhances water-stability and may alter the toxicity of nC60. However, fullerene cage 
itself seems, with reservations, to be protected from environmental and biological 
degradation (Kümmerer et al. 2011). The photo-oxidation of C60 can produce closed 
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degradation (Kümmerer et al. 2011). The photo-oxidation of C60 can produce closed 
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[6,6]-epoxides (C60On, n=1-30) but also open [5,6]-oxidoannulenes (C60O), which can 
destroy the cage structure (Escobedo et al. 2002, Ladyanov et al. 2010, Sabirov and 
Bulkakov 2011). Nevertheless, it is unclear if these reactions can happen in 
environmental conditions. Fullerenes have survived over geologic times, for billions of 
years, in sediment rocks and strata (Becker et al. 2000), indicating that they do may 
remain in the environment for a really long time. This stability gives fullerenes a 
potential to accumulate in the environment. 
Agglomeration in water turns lipophilic individual fullerene molecules into larger and 
more water stable agglomerates, which are significant for fullerenes’ mobility. Water 
stability by agglomerate formation also makes fullerenes more likely to be exposed to 
sunlight for extended periods and thus photodegradation or transformation processes 
may occur in surface waters. Dissociation into smaller agglomerates as well as 
transformations enhance water stability and may potentially produce more toxic forms 
of fullerenes. Toxicity or other environmental effects of these modified fullerenes is not 
studied yet.  
  As described above, sunlight affects fullerenes by three ways: it decreases 
agglomerate size and creates hydrophilic derivatives on their surface, or possibly 
degradation of C60 cage to water soluble molecules. Together, these further enhance 
fullerenes’ stability in water and make them more mobile as well as to be available for 
aquatic organisms. However, naturally occurring DNOM can interact with fullerenes 
and thus protect agglomerates against photo transformations; on the other side, 
interactions with DNOM may alter toxic potential of fullerenes (fig. 10). Until now 
there are only a few studies concerning relationships between fullerenes and photo 
transformations and effects of DNOM. This area should become definitive to be 
understood. The first step could be to map how different kinds of DNOM effect 
agglomeration and find out whether there are critical parameters controlling the 
agglomeration processes to assess possible target environmental locations of fullerenes 
and exposed organisms as well. Thus, fullerenes’ agglomeration with DNOM was 
studied in this thesis.   
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Figure 10: Alternative pathways of nC60 in natural water. Fullerenes (black circles) 
agglomerate to bigger particles (1). Thus part of their nanoproperties may be disappeared, and 
the largest particles are assumed to settle to the bottom (1A). Smaller agglomerates may remain 
in water phase (1B) and sunlight causes their dissociation (e.g. Hou and Jafvert 2009). Water 
stabile agglomerates may also interact with DNOM (2, brown and grey shapes) which can 
affect fullerenes’ fate. Pathway 2A has been described in literature (e.g. Xie et al. 2008), 2B was 
an assumption and discussed in this study. 
 
1.1.2.6 Challenges of risk assessment of fullerenes: New tools may be needed  
Traditionally, ecotoxicological chemical risk assessment is based on parameters 
describing, for example, toxicity and chemical’s potential to accumulate in organisms, 
as well as parameters describing the fate and behavior of the chemical in different parts 
of the environment. Nevertheless, these parameters are created for use with “ordinary” 
organic chemicals, and may not apply very well for nanoparticles with “extraordinary” 
properties.  
  Despite photo dissociation and other processes in the natural environment, it is 
expected that fullerenes are often present in agglomerated form, not in individual 
molecules (Wiesner et al. 2008). Agglomeration enlarges occurring size of fullerenes, 
and it is possible that nano-properties partly disappear in larger particle size. This is 
one of the challenges in fullerene risk assessment and sets a question: must fullerenes 
be handled as a nanocarbon or as a bulk material, or do they need new handling 
methods to ensure environmental and worker safety? Some parameters used in 
traditional chemical risk assessment with their problems for fullerenes are presented in 
table 2.  
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Table 2: Some contradictions of parameters of traditional chemical risk assessment if used for fullerenes.   
Parameter Description Indicator for Contradiction for fullerenes 
Kow 
distribution between 
water and lipids 
accumulating into 
fats of organisms 
both lipophilic and hydrophilic 
character 
EC50 
50%  effective 
concentration acute toxicity 
strongly depends on the suspending 
method  
BCF 
accumulation to biota, 
depends on intake, 
distribution, modifying, 
and excretion 
biological 
accumulation no real absorption observed 
Biodegradability biological dissociation, half-life t1/2 
persistence in 
environment as a 
parent form 
no real dissociation, but derivative 
formations 
Concentration e.g. mg/L exposure strength 
colloidal form: what is relevant unit? 
(mg/L, number of particles, surface 
area etc.) 
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2 Aims of the study 
The aim of this study was to assess the fate of fullerenes in natural freshwaters and 
their effects on aquatic organisms. Understanding the fate is critical ground for risk 
assessment. Thus one aim was to map, where fullerenes end up if they are released to 
natural waters. This study proved that fullerenes can reach the sediment (paper I), 
which gave reason to investigate fullerenes’ distribution between water and sediment 
(paper II) and effects on a benthic organism (paper IV). A part of fullerenes were found 
in water phase (paper I) directing the other aims of the study to effects on aquatic 
organism (paper III) and seeking explanations for varying water stability (paper I). 
Because there were no methods for analyzing fullerenes in environmental samples, 
almost all used methods and procedures were developed during the course of the 
thesis, and thus method development was as an aim of the study. Overview of this 
study is presented in figure 11. Results of the study can be used for drafting 
instructions for carbon nanoparticle risk assessment. 
  
 
 
Figure 11: Overview of the present study. Fate of fullerenes in four types of natural waters and 
three sediments were studied, and effects of fullerenes on two aquatic species were assessed.  
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3 Materials and methods  
3.1 CHEMICALS 
Carbon nanoparticle, fullerene (C60), was 98 % purity from Sigma Aldrich. Purity 
percentage seemed that C60 could contain 2 % impurities, thus C60 was checked by 
plasma emission spectrometer and thermal gravimetric analysis. This determination 
indicated only minor occurrence of other elements (Waissi-Leinonen et al. 2012). More 
detailed descriptions of used chemicals are presented in the papers I-IV.  
3.2 TEST ORGANISMS 
Experiments concerning the fate of fullerenes revealed that they can be found both in 
water and sediment, thus, test organisms were chosen to represent both of these 
phases. Chosen species, an aquatic organism water flea Daphnia magna and a sediment-
living black worm Lumbriculus variegatus are both well-known and commonly used test 
organisms in aquatic ecotoxicology. They have a role in aquatic food chains, and as a 
low trophic level species, they may act as trophic transfers for environmental 
contaminants. Trophic transferring may be an important thing for fullerenes, because 
these particles are expected to remain in environment long times. Trophic transferring 
is only discussed in this thesis, not directly tested, but could be studied further in the 
future. 
3.2.1. Aquatic test organism, water flea Daphnia magna 
Water flea Daphnia magna (figure 12) is a freshwater crustacean. It lives in temperate 
and cold climates and is a part of the freshwater food chain. Daphnia filter large 
volumes of water and water-suspended particles which make it a significant target of 
water suspended xenobiotics. It is also relatively easy to maintain in laboratory. Thus, 
D. magna is commonly used as a model organism in aquatic ecotoxicology and 
environmental risk assessment, typically in toxicity, bioaccumulation, and 
reproduction tests. Standard tests for D. magna as an indicator are drafted by the 
International Organization for Standardization (ISO, ISO 6341:2012) and Organization 
for Economic Co-operation and Development (OECD 2007), and the species has also 
been used in nanoparticle research. Some studies on nanoparticles have shown slight 
acute toxicity on daphnia. For example, for water stirred nC60 50 % effective 
concentration (EC50) on Daphnia magna has been determined to be > 35 mg/L 
(Oberdörster et al., 2006), but lower values such as 7.9 mg/L and 0.46 mg/L have been 
reported for nC60 made by sonication or by the THF method, respectively (Lovern and 
Klaper 2006). For another type of NPs, nano-sized copper oxide EC50 has been 4 mg/L 
indicating also relatively low acute toxicity (Heinlaan et al. 2011).  
  The daphnia use its thoragic appendages to direct water and water-suspended 
particles to the mouth and esophagus. Particles are conveyed thorough the gut track in 
continuing stream. There is no fagosytosis in the gut epithelium cells, but molecules 
are absorbed.   
  Daphnia used in this study were maintained in the University of Eastern Finland. 
More detailed information about daphnia culturing is in paper III. 
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Figure 12: Anatomy of Daphnia magna (Ebert 2005).  
3.2.2. Benthic test organism, black worm Lumbriculus variegatus 
Oligochaetes are an ubiquitous species that include both terrestrial and aquatic worms, 
a total more than 3000 species (Hickman et al 1997). Most aquatic oligochaetes, nearly 
1700 are freshwater species (Martin 2008). Generally, aquatic oligochaetes are benthic 
species living on the bottom or burrowing in the sediment. They have important 
ecological roles in aquatic ecosystems, one of which is being a food source for fish and 
an important species as a decomposer of sediment material (Hickman et al 1997).  
  The black worm Lumbriculus variegatus (figure 13) is an aquatic oligochaeta. It is found 
in oligotrophic and mesotrophic waters in the Northern Hemisphere (Dermott and 
Munawar, 1992), including Southern and Central Finland (Laakso 1967). The body 
length of L. variegatus is about 4-5 cm and weight is a few milligrams. L. variegatus is a 
sediment-dwelling species which feeds on the sediment for their nutrition. Thus, they 
are exposed to sediment-associated contaminants via their intestines (figure 13c) after 
digestion, along with the surface epithelium (figure 13d-e). Gas exchange happens via 
epithelium. A typical behavior of L. variegatus is to protrude their tails up from the 
sediment for gas exchange and excreting fecal pellets to sediment surface. As a result of 
these behaviors, they cause a bioturbation process by which contaminants are 
transferred from the sediments back to the water phase by benthic fauna (Konovalov et 
al. 2010). 
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Figure 13: A) Lumbriculus variegatus protruding their tails from the sediment, B) L.variegatus 
near actual size. C) Horizontal cut, stained with toluidine blue, magnification 100 x. An arrow 
points the gut wall. D) An electron micrograph on the surface epithelium of L.variegatus, scale 
bar 1000 nm. E) A close-up of the epithelial fibers on the right, scale bar 100 nm. TEM 
micrographs by K. Pakarinen.   
 
  L. variegatus is tolerant towards normal environmental parameters like changes of 
oxygen content, temperature, and acidity (Phipps et al., 1993) but they are sensitive to 
contaminants in sediments. L. variegatus is easy to maintain and handle in the 
laboratory, it is suitable for long-term exposures, and reaches steady-state rapidly. The 
abovementioned points make L. variegatus an ideal test organism in aquatic 
ecotoxicology. Consequently, L. variegates is used as a bioindicator of sediment 
pollution. L. variegatus has been identified by the U.S. Environmental Protection 
Agency, OECD, and American Society for Testing and Materials (ASTM) as a 
recommended freshwater organism for assessing bioaccumulation in sediments (U.S. 
EPA 2000, OECD 2007).  
 The parameters investigated in ecotoxicological tests on L. variegatus are survival, 
growth, reproduction, and feeding rate. Feeding rate reflects the health of the worm 
population and suitability of the sediment. Feeding rate is determined by collecting 
and weighing fecal pellets and calculating the egestion activity at time points during 
the experiment (Leppänen and Kukkonen 1998).      
 Lumbriculus variegatus is not as common in nanoparticle research as D. magna: in fact, 
only a few studies have done on nanoparticles in sediment matrix at all. Accumulation 
without the absorption and toxicity of single and multi-walled carbon nanotubes on 
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Figure 12: Anatomy of Daphnia magna (Ebert 2005).  
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L.variegatus has been reported (Petersen et al. 2008), but there are no references 
concerning fullerenes. 
  Black worms used in this study originated from U.S.EPA (Duluth, MI, U.S.). More 
detailed information about black worm culturing is in paper IV.  
3.3. EXPERIMENTAL MATRIXES 
Both artificial and natural matrices were used in experiments. An artificial matrix made 
it possible to assess the fate and effects of fullerenes themselves, representing a simple 
system without interactions with natural substances, such as dissolved natural organic 
matter. This is important as the first step to understanding fullerenes’ fate and effects. 
However, an artificial matrix offers only a concise viewpoint to the situation in real 
environment, a scene of risk assessment. Thus, natural waters and sediments were 
included to experiments for deeper understanding and accessing more real insights 
into the behavior and effects of fullerenes in aquatic environments. 
 
3.3.1 Waters 
Artificial freshwater (AFW) was used as a basis for fullerene exposures on D. magna, 
and as a control for natural waters as well. This water corresponded “typical Finnish 
freshwater” with its pH and [Ca2++Mg2+]-hardness (pH~6.8, 0.5 mM), and it was 
prepared by diluting salts (CaCl2, MgSO4, NaHCO3, and KCl) to milliQ-water. Thus, 
AFW was very simple compared to natural waters.  
  Natural freshwaters used in experiments were collected from four lakes in Eastern 
Finland: Lake Kuorinka, Lake Höytiäinen, Lake Mekrijärvi, and Lake Kontiolampi. 
They represented relatively wide range of DNOM concentration, and, as this study 
revealed, also a different composition of DNOM. Waters were filtered through 0.45 µm 
membrane before experiments to consider that all the material was dissolved, and they 
were stored in the dark at +4°C prior use. More detailed description for natural waters 
is provided in paper I. 
 
3.3.2. Sediments 
Experimental sediments were collected from Lake Kuorinka, Lake Höytiäinen, and 
Lake Mekrijärvi, thus they represented same origins than used natural waters, except 
for Lake Kontiolampi. Natural sediment was also used as experimental environment in 
exposure of L. variegatus. All sediments were sieved to grain size less than 1 mm, and 
they were stored in the dark at +4°C prior experiments. More detailed data for 
sediment characteristics are presented in the chapter 3.5.4. 
3.4 EQUIPMENT 
Because nanoparticles express both chemical and particulate character, different 
techniques compared to traditional chemicals are necessary to characterize the 
exposure caused by them. This means that physical dimensions of nanoparticles need 
to be determined in addition to their chemical composition, properties and 
concentration. Size and shape are critical for many properties and effects of 
nanoparticles. Thus, particle size distributions, average particle sizes, and particle 
shapes were investigated in these studies. Also surface properties, such as area and 
charge, or particle number per volume would be important to determine but in these 
studies these parameters were excluded because suitable equipment was not available.   
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  Differently from traditional chemicals, fullerenes can be observed qualitatively in 
addition to quantitative analysis. Qualitative observations were done with microscopic 
techniques and quantitative analysis by extracting fullerenes to suitable organic solvent 
and then quantifying with spectroscopy. Extraction methods and ways of handling 
were developed throughout the studies. 
3.4.1. Light and electron microscopy 
Microscopy techniques were used for qualitatively identifying fullerenes inside test 
organisms. Light microscopy (Leica CME, Buffalo, NY, USA) with magnifications 40, 
100, and 400x were used to reveal and locate fullerene masses inside and on surfaces of 
the test organisms. Additionally, estimated intake rate of fullerenes in D. magna was 
assessed by light microscopy to choose relevant sampling times. Nevertheless, 
resolution of light microscopy is restricted to 0.2 µm, thus transmission electron 
microscopy (TEM) was needed to observe individual fullerene agglomerates. 
Transmission electron microscopy was used to characterize fullerene agglomerates in 
suspensions and natural particles in test waters and sediments by determining particle 
sizes and shapes. In addition to TEM, 3D shapes of the particles in fullerene 
suspensions were visualized by scanning electron microscopy (SEM). Electron 
microscopy offered also more detailed information of location of fullerenes inside the 
gut and on the surfaces of test organisms and their effects on cells as well.  
  For light microscopy, samples of 2 µm thickness were stained with toluidine blue, 
which is a basic dye and commonly used in histology (Ross and Romrell 1989). For 
TEM, water and sediment samples, and nC60 were diluted (if necessary) and simply 
dried on copper grids coated with Formvar polymer which offers a bracket for 
particles. Organism samples were pre-handled by a normal TEM procedure by fixing 
and then casting in Epon polymer (Lounatmaa 1991), preparing 80 nm thick slices and 
placing them on the grids mentioned above. Electron microscopes Zeiss 900 (West 
Germany) and JEOL-JEM 2100F (Tokyo, Japan) were used in these studies. More 
detailed information for TEM procedure for organism samples is available in papers III 
and IV.   
3.4.2 Spectroscopy 
Fullerenes absorb ultraviolet (UV) and visible light (VIS) in their molecular structure, 
which offers a possibility to quantify fullerenes in solvents. The spectrum of fullerenes 
in toluene consists a specific and strong absorption peak at 335 nm, another weaker 
peak at 407 nm, and a weak absorption band between 415 and 680 nm (Bensasson et al. 
1994). Quantification was done by a standard curve at 335 nm (figure 14). Spectroscopy 
measurements were done by UV-VIS spectrophotometers Shimadzu 1601 PC (Kyoto, 
Japan) and Cary 50 bio (Mulgrave, Australia). Standard curve was linear at 
concentration range 0.675 - 25 mg/L (six points, r2 > 0.999). Recovery of the extraction 
was verified by total organic carbon analyzer (Shimadzu 5000A, Australia), and it was 
98±2%. 
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Figure 14: UV-VIS spectrum for fullerenes in toluene. Insert 1: a standard curve at 335 nm for 
concentrations between 0.675 and 25 mg/L. Insert 2: Purple solution of C60 in toluene, extracted 
from nC60 in AFW. 
 
In addition to fullerene quantifications, UV-VIS spectroscopy was used for 
characterization of natural waters by determining aromaticities of DNOMs. This was 
carried out by recording UV-VIS absorption at wavelength 254 nm, and calculating 
sUVa=A254/DOC (mg C/L). The sUVa parameter represents the degree of aromaticity 
where increasing value means growing aromatic character and also increasing 
molecular size (Leenheer and Croue 2003). 
 
3.4.3 13C-CPMAS-NMR and HPSEC 
Semi-quantitative determination of chemical characteristics of DNOM in natural 
waters (excluding Lake Kuorinka) was done by 13C solid-state CPMAS NMR (Cross 
Polarization Magic Angle Spinning Nuclear Magnetic Resonance). Generally in NMR, 
analyzed atom, as 13C here, gives signals to special part of the measured magnetic field 
depending on their chemical environment, i.e. functional groups adjacent to the 
analyzed atom. The position of these signals on the x-axis of the spectrum is called the 
chemical shift and is presented as ppm values (table 3). Thus, presence of special 
functional groups, such as carbonyl, carboxylic, aromatic, and aliphatic, in the sample 
can be visualized. Measurement of peak areas offers a percentage estimation of these 
groups. The measurements were done by CPMAS technique, which offers better 
resolution than NMR itself. This technique requires sufficient organic carbon content, 
thus, Lake Kuorinka was excluded because of its very low carbon content. 
  
Table 3: Placing of signals for functional groups in CPMAS 13C NMR spectra. 
Carbon type ppm 
Carbonyl 204-228 
Carboxylic 166-204 
Aromatic 104-166 
Oxygen-substituted aliphatic 66-104 
Unsubstituted saturated aliphatic 7-66 
 
  For solid-state NMR purposes, natural waters were lyophilized to collect organic 
matter and then homogenized. A Bruker AMX 400 high-resolution NMR instrument 
1 2 
335 nm 
407 nm 
415 - 680 nm 
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with a multinuclear magic-angle spinning probe head was used to record the 13C-
CPMAS-NMR spectra. More detailed data about measurements is presented in paper I. 
The aromatic content of DNOM was assumed to be significant for its efficiency to 
agglomerate with fullerenes, because fullerenes are likely to interact by -  interactions 
(Casadei et al. 2007). A parameter aromaticity-% describes percentage of aromatic 
content by equation 3 (McCarthy et al. 1990):  
Aromaticity-% = (peak surface 104-166 ppm) / peak surface 0-166 ppm) *100 (3) 
  One of the aims of these studies was to map parameters which could predict 
fullerenes’ behavior. Thus, aromaticity-% was determined and assessed if it could be 
used as one on those parameters. 
  High performance size exclusion chromatography (HPSEC) was used for the 
determination of molecular size distributions for DNOMs of natural waters. Also this 
was semi-quantitative measurement and determined molecular sizes as seven size 
fractions. The purpose of this determination was to screen for types of molecular 
content which could prefigure behavior and toxicity of fullerenes. Size exclusion 
technique has earlier been shown to be suitable for whole-water samples in order to 
provide “fingerprints” of humic subtances (Vartiainen et al. 1987, Peuravuori and 
Pihlaja 1997). Using this semi-quantitative determination is acceptable for current 
purposes because natural waters are variable anyway, and thus their “accurate” 
character cannot be measured.  
 
3.5 EXPERIMENTS 
3.5.1. Fullerene suspensions and their characterization 
At the beginning of this research, several methods for preparing fullerene suspensions 
were reported in literature. Some methods were based on solvent exchange using 
organic solvents like tetrahydrofuran or ethanol as a vehicle to transfer fullerenes to 
water (Deguchi et al. 2001, Fortner et al. 2005). Also methods without use of organic 
solvent: either vigorous magnetic stirring for several weeks (Brant et al. 2005), or 
sonication molecular fullerene powder to water (Lovern and klaper 2006). Each of 
these methods produces its own kinds of fullerene agglomerates, i.e. agglomerates 
different in size, shape, and composition, and even hydrophobicity and toxicity (Brant 
et al. 2006, Duncan et al. 2008, Kovochich et al. 2009, Kim et al. 2010). In this study the 
stirring method (figure 15) was chosen, because solvent exchange was expected to let 
solvent molecules or their byproducts remain in agglomerates. Another reason was 
that stirring is the most relevant method in mimicking fullerene release in to the 
environment and mixing by water flows. Later this choice was proved to be relevant, 
because effects of organic solvents have been reported (Henry et al. 2011), vindicating 
the expectations. Figure 15 presents the procedure for the stirring method, and a TEM 
micrograph of the produced nC60 and its particle size distribution are shown in figures 
16a and 16b. 
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Figure 15: Stirring method for nC60. A) Fullerene powder was weighed to the bottle. B) Test 
water was added. C) Magnetic stirring of 1000 rpm started. D) Colloidal nC60 was appeared in 
few days, and stirring was continued for 4 weeks.   
   
 
Figure 16: A) Electron micrograph of typical nC60 particles in artificial freshwater produced by 
the stirring method. Scale bar 500 nm. B) Particle size distribution of nC60 in artificial 
freshwater (n = 400). TEM micrograph by K. Pakarinen. 
 
3.5.2. Method development 
Methods developed throughout the experiments. Methods were needed for 
quantifying fullerenes in environmental samples: organisms, natural waters, 
sediments, and the fecal pellets of L. variegatus. Also, the suitability of traditional 
methods for testing toxicity and bioaccumulation-depuration kinetics of nanoparticles 
was assessed, and the relevancy of risk assessment parameters LC50 and BCF was 
discussed.  
  The analysis of fullerenes in environmental samples was based on the solubility of C60 
in toluene, and a UV-spectrum with a specific quantitative peak at 335 nm. The basis of 
the procedure for all kinds of samples was similar: 1) the sample was homogenized in 
a NaCl solution with sonication, and 2) fullerenes were extracted to toluene, but each 
type of sample needed some kind of treatment (figure 17). Fullerene agglomerates 
exhibit a negative charge which makes them unstable if salts or oxidizing agents are 
present. Increasing ion concentration causes the settling of the solution by diminishing 
the surface charge of fullerenes, making them easier to be extracted to toluene. Adding 
salt was found to be critical indeed: extraction without NaCl produced a recovery of 
only 50%. For water samples, salting with an equivalent amount of NaCl and 
sonicating to toluene was an adequate technique. Instead, samples of D. magna needed 
careful ultrasonication in NaCl with a tip sonicator (Vibra Cell, Sonics & Materials inc. 
Danbury, USA) to homogenize organisms and release ingested fullerenes. Sediment 
and fecal pellet samples were dried in an oven at 105°C overnight and powdered in a 
mortar before homogenization in a salt solution to make sure that possible colloid 
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interactions in wet material did not disturb the extraction. Three or four replicates were 
extracted per condition, and three times for every sample to have all fullerenes 
extracted. 
Fullerene recoveries for water samples were verified with a total organic carbon 
analyzer (Shimadzu TOC-5000A with ASI-5000A auto sampler, Kyoto, Japan). For 
other sample matrixes, recoveries were verified by adding known amount of fullerenes 
to a clean matrix and using the same protocol as for samples.  
 
 
Figure 17: Working stages for fullerene extractions of environmental samples.  
 
 Electron microscopy is often used as one of the techniques to determine particle sizes 
in fullerene suspensions. However, it is also criticized because the basic procedure 
which allows the suspension to dry on the grid may cause additional aggregation 
during drying, and increase the particle size. In this study disturbing the aggregation 
of nC60 particles on the grids was prevented by diluting the sample to around 5 mg/L. 
The sizes of 400 particles for each of the fullerene suspensions in artificial freshwater, 
and four natural waters were measured with TEM. The results were compared to those 
determined by dynamic light scattering (DLS), a technique in which particle sizes are 
measured in the liquid phase.     
 
3.5.3. Fate of fullerenes in four natural freshwaters 
As discussed earlier, fullerene agglomerates produced with different methods vary in 
their size, shape and even composition if other substances are present during 
formation. In real environmental conditions DNOM and other natural substances are 
present and may affect agglomeration process. This may also impact the fullerenes’ 
residence time in the water phase, and thus, their mobility, targets, bioavailability and 
toxicity might be different. Thus, an understanding of agglomeration is critical for a 
further assessment of risks caused by fullerenes and setting relevant test conditions in 
toxicity and bioaccumulation tests or choosing relevant target species as well.  
  Agglomeration processes of fullerenes were studied in four types of Finnish lake 
waters by determining settling rates in a set of tests (table 4). Also, toxicity and intake 
of fullerenes in these four natural waters was examined.  
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Figure 15: Stirring method for nC60. A) Fullerene powder was weighed to the bottle. B) Test 
water was added. C) Magnetic stirring of 1000 rpm started. D) Colloidal nC60 was appeared in 
few days, and stirring was continued for 4 weeks.   
   
 
Figure 16: A) Electron micrograph of typical nC60 particles in artificial freshwater produced by 
the stirring method. Scale bar 500 nm. B) Particle size distribution of nC60 in artificial 
freshwater (n = 400). TEM micrograph by K. Pakarinen. 
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interactions in wet material did not disturb the extraction. Three or four replicates were 
extracted per condition, and three times for every sample to have all fullerenes 
extracted. 
Fullerene recoveries for water samples were verified with a total organic carbon 
analyzer (Shimadzu TOC-5000A with ASI-5000A auto sampler, Kyoto, Japan). For 
other sample matrixes, recoveries were verified by adding known amount of fullerenes 
to a clean matrix and using the same protocol as for samples.  
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present and may affect agglomeration process. This may also impact the fullerenes’ 
residence time in the water phase, and thus, their mobility, targets, bioavailability and 
toxicity might be different. Thus, an understanding of agglomeration is critical for a 
further assessment of risks caused by fullerenes and setting relevant test conditions in 
toxicity and bioaccumulation tests or choosing relevant target species as well.  
  Agglomeration processes of fullerenes were studied in four types of Finnish lake 
waters by determining settling rates in a set of tests (table 4). Also, toxicity and intake 
of fullerenes in these four natural waters was examined.  
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Table 4: Test sets for determining fullerenes’ settling behaviors and toxic implications in natural waters. 
 
QUESTION IMPLEMENTATION DURATION 
Long term stability in water 
phase? 
Concentration monitoring in water phase in natural 
waters from four sources. 
12 months 
Does amount of DNOM 
affect water stability? 
Concentration monitoring in two waters with an 
opposite agglomeration efficiency. 
6 months 
How does initial C60 
concentration affect 
settling? 
Concentration monitoring for two different initial 
concentrations in natural waters from four sources. 
6 months 
Is different settling 
behavior due to varying 
agglomerate sizes? 
Agglomerate size determinations by TEM and DLS. - 
Does quality of DNOM 
determine settling? 
Characterization of DNOM by UV-VIS, HPSEC, and 13C-
CPMAS-NMR. 
- 
Does toxicity vary between 
waters? 
OECD acute immobilization test on D.magna in waters 
from four sources. 
48 hours 
 
  Fullerenes were added to waters by employing the stirring method, and formed 
suspensions were kept in the dark at room temperature. Characterizations for fullerene 
suspensions were made similarly to the AFW suspensions described earlier. 
Concentrations of fullerenes and DNOM were followed according to the UV-VIS 
method during one year and the results were modeled to create parameters for 
assessing settling behavior. Basic water characteristics were recorded and the qualities 
of DNOMs were determined with 13C-CPMAS-NMR to find parameters which could 
affect agglomeration. Also, the amount of DNOM may have an effect on 
agglomeration, thus, an experiment was done with normalized DNOM concentrations 
in two water samples with opposite agglomeration behavior. Toxicity in D. magna was 
investigated for fullerene agglomerates formed in four test waters according to the 
OECD acute immobilization test. This research was the very first investigation 
concerning nanoparticles in our laboratory, which made the work developmental. 
Therefore, a part of the methods will be presented in the results of the thesis. 
 
3.5.4. Behavior of fullerenes in freshwater- sediment systems 
Sediments have been modeled to be a sink of fullerenes (Gottschalk et al 2009). 
Nevertheless, the sediment is not a final sink for many traditional chemicals (Baker, 
1991), and it cannot be assumed that it is for fullerenes either. The “storage” potential 
of traditional chemicals in the sediment depends on the characteristics of the sediment, 
water, and the chemical itself; these things may also affect the fullerenes’ behavior. 
This was a preliminary study for understanding the fullerenes’ behavior in 
freshwaters. The main question was: could water-suspended fullerenes adhere to 
sediment particles despite their colloidal character, and if so, can they be re-suspended 
to water? The next aim was to map how the characteristics of sediments affect re-
suspension potential. 
  In this part of the study, nC60 suspended to AFW was allowed to interact with natural 
sediments in AFW to achieve a supposedly steady state – supposedly because no data 
on this was available. The use of AFW instead of natural water was chosen to 
contemplate sediments’ properties only. Thus, the implementation did not represent a 
fully realistic situation in the environment but was the first step to understanding 
where fullerenes could end up in freshwaters. In addition, developing analyzing and 
working out methods for fullerenes were done simultaneously.  
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  The behavior of fullerenes in three water-sediment systems was assessed by analyzing 
the amount of nC60 in sediment particles and overlying water. Sediments were 
collected from three lakes in Eastern Finland: Lake Kuorinka, Lake Höytiäinen, and 
Lake Mekrijärvi (table 5). Descriptive characterization for sizes and shapes of sediment 
particles was done with TEM using magnifications between 1,100x and 85,000x. 
Micrographs (figure 18) revealed that the Lake Mekrijärvi sediment contained more 
colloidal or amorphic matter and nano-sized particles (< 100 nm) than the other 
sediments.  
 
Table 5: Characteristics of the sediments. 
 Lake 
Kuorinka 
Lake 
Höytiäinen 
Lake 
Mekrijärvi 
Dry weight % 25 14 10 
Organic carbon % 1.64±0.11 3.2±0.02 24.28±0.17 
Nitrogen % 0.07±0.01 0.23±0.01 1.26±0.02 
C:N ratio 23.4 13.9 19.3 
Particle size (nm) 2265±1540 1712±1113 1046±1267 
Characteristics of OC* aromatic aromatic aliphatic 
Classification of lake** oligohumic mesohumic polyhumic 
*) Based on 13C-CPMAS-NMR studies. These describe sediment character between sediments relatively, because 
percent determinations could be only from Lake Mekrijärvi sediment.  
**) Classified among DOC of water (Särkkä 1996) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18: Above: Homogenized sediment-water tubes. A-C) Representative micrographs and 
particle size distributions for each of the sediments: A) Lake Kuorinka, B) Lake Höytiäinen, and 
Lake Mekrijärvi.  
 
  Each sediment (5 g ww) and AFW (30 mL) was placed in test tubes (figure 18), and 
fullerene suspension in AFW was added to produce eight concentrations between 1 
and 70 mg/L (1, 2, 3.5, 13, 17, 35, 50, and 70 mg/L). The initial concentration in the 
homogenized sediment-water mixture was analyzed by extracting to toluene and 
recording UV-absorptions at 335 nm. Free fullerene (meaning water-stabile fraction) in 
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Table 4: Test sets for determining fullerenes’ settling behaviors and toxic implications in natural waters. 
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behavior due to varying 
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Does quality of DNOM 
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Characterization of DNOM by UV-VIS, HPSEC, and 13C-
CPMAS-NMR. 
- 
Does toxicity vary between 
waters? 
OECD acute immobilization test on D.magna in waters 
from four sources. 
48 hours 
 
  Fullerenes were added to waters by employing the stirring method, and formed 
suspensions were kept in the dark at room temperature. Characterizations for fullerene 
suspensions were made similarly to the AFW suspensions described earlier. 
Concentrations of fullerenes and DNOM were followed according to the UV-VIS 
method during one year and the results were modeled to create parameters for 
assessing settling behavior. Basic water characteristics were recorded and the qualities 
of DNOMs were determined with 13C-CPMAS-NMR to find parameters which could 
affect agglomeration. Also, the amount of DNOM may have an effect on 
agglomeration, thus, an experiment was done with normalized DNOM concentrations 
in two water samples with opposite agglomeration behavior. Toxicity in D. magna was 
investigated for fullerene agglomerates formed in four test waters according to the 
OECD acute immobilization test. This research was the very first investigation 
concerning nanoparticles in our laboratory, which made the work developmental. 
Therefore, a part of the methods will be presented in the results of the thesis. 
 
3.5.4. Behavior of fullerenes in freshwater- sediment systems 
Sediments have been modeled to be a sink of fullerenes (Gottschalk et al 2009). 
Nevertheless, the sediment is not a final sink for many traditional chemicals (Baker, 
1991), and it cannot be assumed that it is for fullerenes either. The “storage” potential 
of traditional chemicals in the sediment depends on the characteristics of the sediment, 
water, and the chemical itself; these things may also affect the fullerenes’ behavior. 
This was a preliminary study for understanding the fullerenes’ behavior in 
freshwaters. The main question was: could water-suspended fullerenes adhere to 
sediment particles despite their colloidal character, and if so, can they be re-suspended 
to water? The next aim was to map how the characteristics of sediments affect re-
suspension potential. 
  In this part of the study, nC60 suspended to AFW was allowed to interact with natural 
sediments in AFW to achieve a supposedly steady state – supposedly because no data 
on this was available. The use of AFW instead of natural water was chosen to 
contemplate sediments’ properties only. Thus, the implementation did not represent a 
fully realistic situation in the environment but was the first step to understanding 
where fullerenes could end up in freshwaters. In addition, developing analyzing and 
working out methods for fullerenes were done simultaneously.  
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  The behavior of fullerenes in three water-sediment systems was assessed by analyzing 
the amount of nC60 in sediment particles and overlying water. Sediments were 
collected from three lakes in Eastern Finland: Lake Kuorinka, Lake Höytiäinen, and 
Lake Mekrijärvi (table 5). Descriptive characterization for sizes and shapes of sediment 
particles was done with TEM using magnifications between 1,100x and 85,000x. 
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Figure 18: Above: Homogenized sediment-water tubes. A-C) Representative micrographs and 
particle size distributions for each of the sediments: A) Lake Kuorinka, B) Lake Höytiäinen, and 
Lake Mekrijärvi.  
 
  Each sediment (5 g ww) and AFW (30 mL) was placed in test tubes (figure 18), and 
fullerene suspension in AFW was added to produce eight concentrations between 1 
and 70 mg/L (1, 2, 3.5, 13, 17, 35, 50, and 70 mg/L). The initial concentration in the 
homogenized sediment-water mixture was analyzed by extracting to toluene and 
recording UV-absorptions at 335 nm. Free fullerene (meaning water-stabile fraction) in 
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water was determined by separating sediment particles by centrifuge and analyzing 
water phases. Tubes were then placed in a rotation mixer and were mixed 6 rpm for six 
days to achieve supposed steady-state. Concentrations of fullerenes in the mixtures 
and separated water phases were recorded, and distribution between water and 
sediment (as mg C60/kg OC dw) were calculated. Measurements were conducted as 
three or four replicates.  
 
3.5.5. Effects of fullerenes in an aquatic species, Daphnia magna: Accumulation 
and depuration kinetics 
Several preliminary tests were done before accumulation and depuration experiments. 
Fullerene agglomerates formed by the stirring method described earlier may vary in 
their size and shape. It was assumed that the acute toxicity of fullerenes would be 
rather low but because properties of agglomerates can affect toxicity, a set of toxicity 
tests was done. Other goals were to have a common picture of how fullerenes are 
placed in daphnids, examine extraction of fullerenes from organisms, and to learn how 
to handle daphnids as well. Initial questions and preceding work are presented in table 
6. 
 
Table 6: Preliminary work for D. magna. 
QUESTION IMPLEMENTATION 
Exposure concentrations? Coarse assessment in a high concentration based on 
literature 
OECD Acute immobilization test 
Quantification of C60 in organisms Extraction procedure 
Optimization of working technique  
Sampling times? Light microscopy 
Fullerene’s placing in organisms? Light and electron microscopy 
Needed number of organisms? Adjusting of extraction of organisms 
 
  For the preliminary test two groups of 12 daphnids at non-specific age were exposed 
to 30 mg/L for four days. The first dead organisms were observed after 24 h, and after 
48 h there were 17 % and 58 % of organisms alive. After four days from exposure 
beginning percentage of living organisms were 17 % and 42 %, respectively. A reason 
for relatively high variation in survival percentage was probably inexperience in 
handling organisms which could cause additional mortality. Some organisms had 
carried eggs, and in four days a new generation was born alive; these young organisms 
were collected for TEM purposes.  
  The gut of organisms seemed to be filled by fullerenes, thus, the first extraction 
experiment was implemented. All living adult daphnids were homogenized to 2% 
NaCl and extracted to toluene. A spectra for toluene layer was then measured with a 
spectrophometer at 700 -250 nm. The extraction yielded a fullerene specific peak at 335 
nm indicating that fullerenes could be separated from the organism matrix.  
  Fullerene intake to the gut was verified qualitatively with a light microscope. For this 
purpose a drop of fullerene suspension was placed on an objective glass and an 
organism was added to the drop for visual examination. Organisms were examined 
also after 30 min, an hour, and two hours of exposure. Electron microscopy with 
magnifications between 7,000x and 140,000x was used to reveal placing fullerene 
agglomerates in the guts of organisms, and to assess the sizes of accumulated 
agglomerates.  
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  Suitable concentrations for accumulation experiments, i.e. concentrations having no 
acute toxicity, were assessed by a standard toxicity test (OECD acute immobilization 
test) for the duration of 48 hours in artificial freshwater with six fullerene 
concentrations (0.2, 2, 7, 15, 30, 50 mg/L) as four replicates and controls without 
fullerenes. Kinetics for accumulation and depuration were examined as four replicates, 
collecting samples at the time points during 48 hours. Sampling times were set 
according to preliminary light microscopy observations. Exposure concentrations were 
measured during the experiments to investigate the extent to which an effective 
accumulation by D. magna may affect aqueous concentration. Control jars with equal 
fullerene concentrations without organisms were observed. 
  Method for quantification of fullerenes in the organisms was developed via several 
experiments for finding optimal way to handle samples. Method development is 
described in the chapter 3.5.2. Detailed information for daphnia exposures is given in 
the paper III.   
 
3.5.6. Adverse effects of fullerenes on a benthic organism, Lumbriculus variegatus 
In a preliminary study, a group of worms were exposed to nC60 water suspension 
without sediment at concentrations 0, 10, and 20 mg/L for two weeks. The aim of the 
preliminary test was to ensure if worms are able to survival in these fullerene 
concentrations, and if fullerenes could be observed by light and electron microscopy in 
their bodies and how fullerenes are placed in these organisms. Additionally, 
applicability of the analyzing method described for fullerenes in D. magna was 
examined for L. variegatus.  
  Endpoints in L. variegatus exposures were survival, growth, reproduction, and feeding 
rate, and used sediment concentrations were 0, 10, and 50 mg/kg sediment dry mass. 
These concentrations were relatively high compared to modeled average 
concentrations in real environment (Gottschalk et al. 2009). However, this was the first 
study on fullerene effects on L. variegatus or any other benthic organism, thus 
preliminary knowledge about their toxic effects did not exist. The goal was to use 
concentrations which were high enough to produce effects to understand what kind of 
harms fullerenes may cause in this species. Additionally, to test higher concentrations 
than expected in environment is a common practice in nanoecotoxicological studies, 
because concentrations in hot spots can be substantially elevated. And lastly, if no 
effects are caused in high concentrations, it is not likely that low concentrations could 
cause such.   
  The worms were exposed to the abovementioned conditions in 15 replicate jars of 
each concentration. Wet sediment from Lake Höytiäinen was weighed to the jars and 
few millimeter layer of quartz sand was placed on the sediment surface to facilitate 
collecting of fecal pellets (figure 19). Fifteen randomly chosen worms were transferred 
to each jar and were exposed for 28 days. Fecal pellet collection was done at time 
points 4, 7, 14, 21, and 28 days. The worms were sieved, calculated, and weighed in the 
end of the experiment. More detailed description for exposures is given in paper IV.   
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Figure 19: Exposure arrangements: quartz sand layer above and sediment below. A tunnel of 
worms and a pile of feces are marked by arrows.  
 
3.5.7 Work safety and waste handling  
Work safety and environment protection must be taken account in all chemical work. 
Safety issues are included in the thesis, because a new kind of material was used - 
neither instructions for work safety and waste handling were available from the 
supplier. Generally, small size causing high surface to mass ratio, and surface reactivity 
of nanoparticles are characteristics which may cause risk in the workplace (Savolainen 
et al. 2010).  
  The main routes of nanoparticle exposure in the workplace are inhalation and dermal 
contact. Particle size often determines the toxicity of particles, especially in nano 
dimensions (Johnston et al. 2010). In lungs, nanoparticles are small enough to reach the 
alveolus, as particles smaller than 2.5 µm generally do. The alveoli lumen is separated 
from the circulation only by a 0.5 µm thin wall which enables gas-exchange but also 
offers a route for exposure (Hoet et al. 2004). Nanoparticle deposition in the alveoli that 
disturbs their functions and even enters alveolar walls has been observed for spherical 
nanoparticles (Hoet et al. 2004, Schulte et al. 2008), a group to which fullerenes also 
belong.   
  Skin is a good barrier for ionic and water soluble chemicals (Hoet et al. 2004). 
Penetration through the skin depends on the lipid/water and diffusion partition 
coefficients of the chemical. For fullerenes this partition coefficient is not unequivocal 
because fullerenes can exist both in a lipophilic and water stabile form. These forms 
should be assessed separately. In addition to solubility, penetration through the skin 
also depends on size, and thus nanoparticles could penetrate the skin more likely than 
larger particles of the same matter (Hoet et al. 2004). Very large molecules cannot 
penetrate the skin due to a functional cut-off by molecular size and weight (Elder et al. 
2009). Size cut-off could prevent the penetration of large nC60 agglomerates. Instead, 
small agglomerates at least in organic solvents but possibly also in the water may 
permeate the skin barrier.     
  In these studies, fullerenes were handled as powders, water suspensions, and 
dissolved to toluene as well. These forms cause different risks of exposure: powder 
mainly in lungs, whereas suspended and dissolved fullerenes may harm skin. At the 
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beginning of these studies no data was found either of occupational risks or general 
working instructions. To minimize exposure during work, normal laboratory 
protective clothes and gloves were worn during all fullerene handling tasks, and a 
mask or fume hood was used when weighing dry fullerene powder. An instrument to 
reduce the static electricity (Mettler Toledo, HAUG Gmbh&Co, Echterdingen, 
Germany) was also utilized during weighing to diminish dusting. 
  Since then, fullerenes have been reported to be released to air during weighing or 
even sonication in water (Johnston et al. 2010). Released concentrations in the air at the 
workplace can exceed 2,000 particles/L during the sonication of nC60 in water, or about 
1,500 particles/L during weighing dry C60 powder (Johnston et al. 2010). In these 
studies sonication was always done in capped tubes or in the fume hood, so safe 
working conditions were ensured. When dissolved to organic solvents, fullerenes are 
able to penetrate skin (Xia et al. 2006, Xia et al. 2010) and thus cause risks in laboratory 
work. However, data on the skin penetration of water suspended fullerenes was not 
available.  
  All experiments produced liters of waste water containing fullerene. It is assumed 
that technique to retain nanoparticles does not exist in waste water treatment plants, so 
produced nano wastes must be separated in laboratory to minimize nanoparticle 
releases. Thus produced waste waters were collected to be sent to Ekokem Co. For 
economical reasons it was recommended to diminish, if possible, volume of water 
wastes before sending them to a waste treatment. Thus, a procedure for collecting 
waste fullerene particles was developed. Collecting based on efficient agglomeration of 
fullerenes, and settling out of solution by adding salts. For this purpose 30-40 weight-% 
of NaCl was added to waste water by magnetic stirrer, and the solution was allowed to 
settle at least for two days. After the settling time, solution was vacuum filtered by 1-2 
µm filter paper and then 0.45 µm membrane filter. Precipitated fullerenes in the filters 
were placed for chemical waste disposal, and water was checked for fullerene 
concentration by UV-VIS method described earlier. Fullerenes were not detected, thus 
water could be poured to down the drain. 
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Figure 19: Exposure arrangements: quartz sand layer above and sediment below. A tunnel of 
worms and a pile of feces are marked by arrows.  
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4 Results and discussion 
4.1 METHOD DEVELOPMENT 
The quantification of fullerenes was based on their selective extraction to toluene from 
different matrices. Blank samples of the same matrices did not show UV-VIS 
absorptions at 335 nm (figures 20 – 23). Generally, extractions of environmental 
samples yielded high recoveries between 85–115 % (table 7). The method development 
for daphnids raised the yield dramatically compared to the first attempts: the first 
daphnia extractions produced only 0.8 µg/mg organism wet weight, which was 
roughly 20% of the fullerene contents extracted according to the final method. The only 
matrix where extraction was not successful was the L. variegatus samples. This failed 
because of the small amount of the gut content remaining in worms after depuration, 
which was verified with TEM and light microscopy observations. The fullerene 
concentration was below the detection limit of the UV-VIS determination method. It is 
also possible that the release of biomolecules, such as lipids, from the organisms 
confounded the UV-VIS measurements. In sediment-water extractions high extraction 
efficiency (97–101%) persisted after six days (table 7). A detection limit is an important 
parameter in method development. In these studies the main focus was to determine 
or verify those fullerene concentrations which were used in the experiments, meaning 
relatively high concentrations at micrograms or milligrams per liter or kilogram in the 
sample. Appropriate limits were reached with UV-VIS detection but more sensitive 
detectors should be applied if analyzing methods are used at lower concentrations.  
Electron microscopy was a relevant technique in determining the particle size of 
fullerenes. The results were equal with those determined by DLS, except for Lake 
Höytiäinen (table 8).  
  Electron microscopy was a relevant technique to determine particle size of fullerenes. 
Results were equal with those determined by DLS, except Lake Höytiäinen (table 8).  
 
 
Figure 20: UV-VIS spectra for toluene extraction of natural waters without fullerenes. 
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Figure 21: UV-VIS spectra for extractions of clean and nC60 spiked sediment-water systems.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 22: UV-VIS spectra of fullerenes extracted from D.magna samples and a control sample 
of unexposed daphnids. Adopted from G.Waissi, 2010. 
 
Figure 23: UV-VIS spectra of dried spiked sediment from Lake Höytiäinen extracted to toluene. 
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Table 7: Recoveries for extractions of environmental samples. 
 
 
 
 
 
 
 
 
*) Determined by a total carbon/nitrogen analyzer Jena Multi N/C 2100S CLD PlusBU, Germany.  
**) Depending on the concentration of sediment and source of sediment 
 
Table 8: Particle sizes of fullerene suspensions prepared in artificial freshwater and natural waters, measured by 
DLS and TEM.  
Sample  DLS  
(nm) 
TEM (n=400)(** (nm) 
Afw + C60  235±1, n=5(* 285±255 
Lake Kontiolampi + C60  236±2, n=5 229±203 
Lake Mekrijarvi + C60  222±2, n=8 252±239 
Lake Höytiäinen + C60  246±3, n=8 474±419 
Lake Kuorinka + C60  1051±207, n=7 1035±836 
*) n for DLS measurements is a number of replicates, **) n for TEM is the number of measured particles 
 
  Particle sizes measured by two methods were very similar in lakes Kontiolampi, 
Mekrijärvi, and Kuorinka, and AFW as well, indicating that once formed, particle size 
distribution can be presumed to remain relatively constant in many cases. This 
knowledge may be useful for in toxicity and bioaccumulation testing. Differences 
between particle size results by different techniques for Lake Höytiäinen are probably 
explained by delay between measurements. Dynamic light scattering measurements 
were done after shipping the samples to U.S., whereas TEM samples were done 
directly after stirring. Agglomeration was rapid in Lake Höytiäinen, but it is possible 
that re-suspending before measurements could dissociate agglomerates or that the 
larger aggregates had settled to the bottom of the container before the DLS 
measurements were conducted. Results for Lake Höytiäinen could have been more 
closely if they would have been measured without delay and re-suspending. However, 
this instrument was not available at the University of Eastern Finland for analysis at 
the same time as the TEM measurements were conducted.  Another reason for finding 
large particles on the TEM grids may be additional agglomeration during drying 
process, although attempts were made to eliminate or at least mitigate this effect by 
diluting samples. Agglomeration was also very effective in Lake Kuorinka resulting 
large agglomerates. Dissociation caused by shaking did not happen in Lake Kuorinka, 
thus agglomerate sizes measured by TEM and DLS were very close. This may be 
explained by irreversible re-agglomeration, actually aggregation, happened in Lake 
Kuorinka, whereas reversible re-agglomeration was dominating in Lake Höytiäinen 
and caused larger particles onto TEM grids than in DLS measurements.  
    
Sample type Sample Recovery-% 
Natural water Lake Kuorinka 106±14 
Natural water Lake Höytiäinen 107±5 
Natural water Lake Mekrijärvi 80±21 
Natural water Lake Kontiolampi 108±24 
Organism Daphnia magna 85-98 
Sediment-AFW Lake Kuorinka (initial, 6 days) 97±1, 97±3 
Sediment-AFW Lake Höytiäinen        “ 98±1, 97±6 
Sediment-AFW Lake Mekrijärvi         “ 101±1, 98±7 
Fecal pellets(* Fecal pellets of L.variegatus 85-115(** 
Sediment (dry)(* Lake Höytiäinen 85-115(** 
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4.2 DIFFERENT WATER CHEMISTRY LEAD DIFFERENT FATES 
 
Water stabilities varied among different water sources. A fraction of suspended 
fullerenes settled rapidly during the first few days in all tested waters but differences 
in water stable fullerene concentrations between them were substantial. Rapid settling 
was followed by slow settling after one week in waters from lakes Höytiäinen and 
Kuorinka, and after three weeks for Mekrijärvi and Kontiolampi (figure 24).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24: Fullerene concentrations in water phase in natural waters during one year. Error 
bars represent standard deviations (n = 3). Adopted and edited from paper I.  
 
  Water stable concentration after one year was still 4.3±1 mg/L in Lake Kontiolampi 
(circled red in figure 24). This high concentration may cause toxic effects, especially if 
organisms are exposed to it for long periods; this will be discussed below. On the other 
side, effective settling decreased fullerene concentrations to less than 5 mg/L in other 
water samples within a few days (circled green in figure 24). Rapid settling can lead 
risk of exposure for bottom-living organisms; thus, this data is significant in assessing 
possible targets of fullerenes in case of release. Knowledge of settling behavior is 
needed also in laboratory tests because data can be used in planning test arrangements. 
This was why parameters affecting settling behavior were mapped in this study.  
  Rapid settling was followed by slow one continuing for months, thus the three phase 
equation 4: 
y= ae -bx+ce-dx+ge-hx   (4) 
with three different settling fractions could be fitted to describe settling behavior. 
Equation describes third-order exponential decay and was fitted to settling data: a, c, 
and g are three fractions of fullerenes (as Ct/C0) that  remain in the water phase within a 
time range, b, d, and h represent rate constants and t1, t2, and t3 times (h) for mentioned 
settling fractions.  Fractions for rapidly and moderately settled fraction and a fraction 
with extended water stability were determined in tested natural waters (figure 25).  
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Figure 25: Fractions for settling fractions: a = rapidly settled, c = moderately settled, g = 
extended water stabile. 
 
4.2.1 Does particle size matter?  
To put fractions into practice, the next questions were: which parameters lead to 
different settling behavior, and what do the fractions indicate?  A simply explanation 
for settling behaviors could be particle size: bigger particles are assumed to settle more 
rapidly than smaller ones. Nevertheless, in this research nC60 agglomerate size 
distributions could explain rapid settling only in Lake Kuorinka, where mainly large 
particles (> 450 nm) had formed (circled in green in figure 26). 
 
 
Figure 26: Agglomerate size distributions in nC60 suspensions in natural waters. Note amount 
of the smallest fraction formed in Lake Kontiolampi (circled in red, will be discussed later), and 
the largest agglomerates in Lake Kuorinka (circled in green). 
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Large agglomerates were formed also in Lake Höytiäinen, but to a lesser extent than in 
Lake Kuorinka. In addition, agglomerates with a diameter 100 to 200 nm were formed 
in Lake Höytiäinen. Thus, agglomerate size could not be the only reason for effective 
settling, although extended water stable fraction increased with diminishing 
agglomerate size (figure 27). 
 
 
Figure 27: Fraction with extended water stability as function of agglomerate size.  
  
  The particle size in natural waters did not show a clear effect on the size of formed 
nC60. The formed nC60 agglomerates were mainly large (see figure 26) only in Lake 
Kuorinka, where small particles (less than 100 nm) were dominant (figure 28). This 
could be due to a larger surface which offers more places to stick together, similarly to 
the small molecules indicated above. 
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Figure 28: Particle size distributions in clean natural waters and TEM micrographs of dried 
water samples from left to right are for lakes Höytiäinen, Mekrijärvi, Kontiolampi, and 
Kuorinka, scale bars are 500 nm for Höytiäinen and 200 nm for others.  
 
In addition to settling behavior, agglomerate size can be significant for toxic responses: 
smaller agglomerates have been reported to be more toxic than larger ones (Song et al. 
2012). As observed in this research, fullerene suspensions contain a variety of 
agglomerate distributions depending on the water source. Differently than “traditional 
chemicals”, fullerenes or nanoparticles generally may need other qualifiers in addition 
to concentration to describe the strength of exposure. Thus, possible differences of 
concentration of selected agglomerate size fractions were determined by filtering (table 
9). Differences in concentrations of the smallest particles were significant between all 
waters (p < 0.005, ANOVA with Tukey’s post hoc comparison); this might have 
significance for toxicity and will be discussed later in the toxicity section.    
 
Table 9: Fullerene concentrations (% of total conc.±stdev, n = 3) in selected particle size fractions. 
 
 
 
4.2.2 Does water chemistry declare agglomeration and settling? 
Water parameters, such as pH, ion concentration, and hardness have an effect on 
agglomeration process of fullerenes (e.g. Terashima and Nagao 2007, Bouchard et al. 
2009, Chen et al. 2009). Nevertheless, these parameters were almost equal in all tested 
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Sample < 1 µm < 0.45 µm < 0.2 µm 
Lake Kontiolampi+ C60 7.2±0.01 3.0±0.44 0.9±0.09 
Lake Höytiäinen+ C60 6.3±1.65 4.7±0.48 0.3±0.03 
Lake Kuorinka + C60 1.9±0.2 0.4±0.02 0.07±0.009 
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Figure 28: Particle size distributions in clean natural waters and TEM micrographs of dried 
water samples from left to right are for lakes Höytiäinen, Mekrijärvi, Kontiolampi, and 
Kuorinka, scale bars are 500 nm for Höytiäinen and 200 nm for others.  
 
In addition to settling behavior, agglomerate size can be significant for toxic responses: 
smaller agglomerates have been reported to be more toxic than larger ones (Song et al. 
2012). As observed in this research, fullerene suspensions contain a variety of 
agglomerate distributions depending on the water source. Differently than “traditional 
chemicals”, fullerenes or nanoparticles generally may need other qualifiers in addition 
to concentration to describe the strength of exposure. Thus, possible differences of 
concentration of selected agglomerate size fractions were determined by filtering (table 
9). Differences in concentrations of the smallest particles were significant between all 
waters (p < 0.005, ANOVA with Tukey’s post hoc comparison); this might have 
significance for toxicity and will be discussed later in the toxicity section.    
 
Table 9: Fullerene concentrations (% of total conc.±stdev, n = 3) in selected particle size fractions. 
 
 
 
4.2.2 Does water chemistry declare agglomeration and settling? 
Water parameters, such as pH, ion concentration, and hardness have an effect on 
agglomeration process of fullerenes (e.g. Terashima and Nagao 2007, Bouchard et al. 
2009, Chen et al. 2009). Nevertheless, these parameters were almost equal in all tested 
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waters (see details in paper I). Additionally, ion concentration (described as 
conductivity) and hardness were, as typical in Finnish freshwaters, at so low level that 
they should not affect agglomeration. The highest hardness occurred in lake Kuorinka, 
0.33 mmol/L, and that is less than hardness of AFW (0.5 mmol/L), in which fullerenes 
water stability was similar to Lake Kontiolampi. Also the pH values determined in test 
waters (pH 6-6.5) should not have significance, because between pH five and nine the 
agglomerate size remains nearly constant (Fortner et al. 2005). 
  The amount of dissolved organic matter (described as DOC, mg/L) varied between 
the test waters. In the literature, higher concentrations of DNOM increase the water 
stability of nC60 (Xie et al. 2008). Nevertheless, this is not unequivocal: in this study 
Lake Kontiolampi water maintained high water stability regardless of dilution. This 
indicated that also DNOM composition could affect settling, and thus chemistry of 
DNOM was investigated more closely.  
  The real molecular composition of DNOM cannot be determined, but it can be 
profiled to categories by certain properties instrumented for example by size exclusion 
chromatography, spectrophotometry and NMR (Leenheer and Croué 2003), closely 
described in sections 3.4.2 and 3.4.3. Molecular sizes of DNOM were assumed possibly 
affect agglomeration behavior by creating “cavities” or other places where fullerenes 
could be trapped or stuck. Molecular sizes were determined by HPSEC with TSK-gel 
column, which allows large molecules to pass rapidly, whereas smaller ones spent 
longer time in the column. In lakes Kontiolampi and Mekrijärvi molecular sizes were 
centered on large molecules, and especially in Lake Kuorinka on small-sized molecules 
(figure 29).  
 
 
 
Figure 29: Percentages of molecular size fractions in natural waters determined by HPSEC. 
Codes A-G represent diminishing molecular sizes. 
 
  Molecular sizes associated with nC60 agglomerate formation by increasing molecular 
size, which produced smaller agglomerates (figure 30A) leading to higher water 
stability. This could indicate that fullerenes may be either placed inside molecular traps 
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(figure 30B on the left) or large DNOM molecules contain functional groups which are 
likely to adsorb fullerenes. Fullerenes placing inside DNOM could offer them barrier to 
interact and prevent them to stick together. Being located inside DNOM could not be 
confirmed by SEM or any other technique (see SEM and TEM micrographs in figure 
30). Nevertheless, an indication of inside trapping could be observe that fullerenes 
needed to be extracted twice from lakes Kontiolampi and Mekrijärvi whereas once was 
sufficient for lakes Höytiäinen and Kuorinka to transfer fullerenes to toluene. Trapping 
mechanisms could be comparable to those described for preventing desorption of 
organic pollutant molecules from sediments: molecules may be trapped inside of 
molecular structure of sediment and energetic interactions favor stacking (Cornelissen 
et al. 2000). On the other hand, small molecules in Lake Kuorinka and in Lake 
Höytiäinen connected to effective agglomeration and rapid settling occurred. This 
might be a result if aromatic groups were placed on surfaces of DNOM particles and 
could produce fullerene coated DNOM agglomerates, contrary to what was assumed 
for Kontiolampi and Mekrijärvi. Thus, the agglomerates remained able to stick together 
(figure 30B, on the right). Evidence of interaction between DNOM and fullerenes has 
been earlier utilized in chromatography by using humic materials as a stationary phase 
to bind fullerenes, and has been explained by π-π interactions between aromatic 
groups of DNOM and C60 (Casadei et al. 2007).  
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Figure 29: Percentages of molecular size fractions in natural waters determined by HPSEC. 
Codes A-G represent diminishing molecular sizes. 
 
  Molecular sizes associated with nC60 agglomerate formation by increasing molecular 
size, which produced smaller agglomerates (figure 30A) leading to higher water 
stability. This could indicate that fullerenes may be either placed inside molecular traps 
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(figure 30B on the left) or large DNOM molecules contain functional groups which are 
likely to adsorb fullerenes. Fullerenes placing inside DNOM could offer them barrier to 
interact and prevent them to stick together. Being located inside DNOM could not be 
confirmed by SEM or any other technique (see SEM and TEM micrographs in figure 
30). Nevertheless, an indication of inside trapping could be observe that fullerenes 
needed to be extracted twice from lakes Kontiolampi and Mekrijärvi whereas once was 
sufficient for lakes Höytiäinen and Kuorinka to transfer fullerenes to toluene. Trapping 
mechanisms could be comparable to those described for preventing desorption of 
organic pollutant molecules from sediments: molecules may be trapped inside of 
molecular structure of sediment and energetic interactions favor stacking (Cornelissen 
et al. 2000). On the other hand, small molecules in Lake Kuorinka and in Lake 
Höytiäinen connected to effective agglomeration and rapid settling occurred. This 
might be a result if aromatic groups were placed on surfaces of DNOM particles and 
could produce fullerene coated DNOM agglomerates, contrary to what was assumed 
for Kontiolampi and Mekrijärvi. Thus, the agglomerates remained able to stick together 
(figure 30B, on the right). Evidence of interaction between DNOM and fullerenes has 
been earlier utilized in chromatography by using humic materials as a stationary phase 
to bind fullerenes, and has been explained by π-π interactions between aromatic 
groups of DNOM and C60 (Casadei et al. 2007).  
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Figure 30: A) Formed fullerene agglomerate size against molecular size fractions. Codes A and 
B represent two largest molecular size fractions, and F and G are two smallest fractions. Error 
bars represent stdevs for DLS measurements (n = 5-8). B) Large-sized DNOM forms a barrier 
between fullerene agglomerates on the left. Small-sized DNOM molecules covered by fullerene 
agglomerates lead their tendency to agglomerate together on the right. SEM and TEM 
micrographs from nC60 in natural waters. From left to right: more spherical particles in lakes 
Kontiolampi and Mekrijärvi, and more angular in lakes Höytiäinen and Kuorinka). 
 
  The chemical composition of DNOM was determined semi-quantitatively by 13C-
CPMAS-NMR. This technique revealed differences between lakes in aromatic and 
other functional groups of DNOMs (table 10). Among NMR data, Lake Kontiolampi 
exhibited the most aromatic character, although molecular sizes were centered on large 
molecules. Aromaticities were also determined by UV-absorptions calculating 
parameter sUVa, which partly described a portion of water stabile fraction of fullerenes 
by increasing value indicated increasing water stability (figure 31). Nevertheless, sUVa 
is defined as a combination of aromatic content and molecular size.  
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Table 10: Percentages of functional groups by 13C-CPMAS-NMR. 
Carbon type Lake Kontiolampi Lake Höytiäinen Lake Mekrijärvi 
  ppm* Area % ppm* Area % ppm* Area % 
Carbonyl 204-228 6 188-229 9 206-234 6 
Carboxylic 166-204 15 150-188 26 163-206 24 
Aromatic 104-166 30 112-150 16 116-163 12 
Oxygen-substituted 
aliphatic 66-104 14 64-112 19 66-116 21 
Unsubstituted saturated 
aliphatic 7-66 35 5-64 30 6-66 37 
*) Peak areas from references of Smejkalova et al. (2008), Santos et al. (1998), Jokic et al. (1995), and 
Yamamura et al. (2008). 
 
  
Figure 31: Water stable fractions plotted against sUVa. 
 
  High percentages of aromatic and un-substituted saturated aliphatic groups and low 
percentages of carboxylic groups predicted high water stability of fullerenes (figure 
32). These functional groups were mostly present in DNOM expressing large molecular 
sizes, which were connected to forming of small nC60+DNOM. Increasing percentages 
of carboxylic and oxygen-substituted aliphatic groups led to rapid settling. Increasing 
presence of carboxylic groups is linked to diminishing molecular sizes of humic 
substances (Shin et al. 1999), which was consistent with this research.  
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Figure 30: A) Formed fullerene agglomerate size against molecular size fractions. Codes A and 
B represent two largest molecular size fractions, and F and G are two smallest fractions. Error 
bars represent stdevs for DLS measurements (n = 5-8). B) Large-sized DNOM forms a barrier 
between fullerene agglomerates on the left. Small-sized DNOM molecules covered by fullerene 
agglomerates lead their tendency to agglomerate together on the right. SEM and TEM 
micrographs from nC60 in natural waters. From left to right: more spherical particles in lakes 
Kontiolampi and Mekrijärvi, and more angular in lakes Höytiäinen and Kuorinka). 
 
  The chemical composition of DNOM was determined semi-quantitatively by 13C-
CPMAS-NMR. This technique revealed differences between lakes in aromatic and 
other functional groups of DNOMs (table 10). Among NMR data, Lake Kontiolampi 
exhibited the most aromatic character, although molecular sizes were centered on large 
molecules. Aromaticities were also determined by UV-absorptions calculating 
parameter sUVa, which partly described a portion of water stabile fraction of fullerenes 
by increasing value indicated increasing water stability (figure 31). Nevertheless, sUVa 
is defined as a combination of aromatic content and molecular size.  
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Figure 31: Water stable fractions plotted against sUVa. 
 
  High percentages of aromatic and un-substituted saturated aliphatic groups and low 
percentages of carboxylic groups predicted high water stability of fullerenes (figure 
32). These functional groups were mostly present in DNOM expressing large molecular 
sizes, which were connected to forming of small nC60+DNOM. Increasing percentages 
of carboxylic and oxygen-substituted aliphatic groups led to rapid settling. Increasing 
presence of carboxylic groups is linked to diminishing molecular sizes of humic 
substances (Shin et al. 1999), which was consistent with this research.  
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Figure 32: Connections between characteristics of DNOM and water stability of fullerenes A) 
Percentages of large sized molecules and functional groups of DNOM. B) Connections of small 
sized molecules and functional groups of DNOM. The clearest trends are marked by arrows.   
 
  Increases in the sUVa of natural water were correlated with a larger water stable 
fraction. High aromatic content of DNOM offers fullerenes the possibility of π-π 
interactions, which have been reported to be important for adsorption between carbon 
nanomaterials and humic material (Hyung et al. 2007). Large molecules with high 
aromatic content could be a part of explanation for water stability also here. Recently 
published paper (Wu et al. 2013) presents similar suggestion for interactions between 
nC60 and organic matter.  
  Differences in fullerene agglomeration stages may influence the amount ingested by 
aquatic organisms in addition to determining the fullerenes’ mobility. Those characters 
which lead enhanced agglomeration could tempt fullerenes to be agglomerate also in 
organisms.  
 
4.2 BEHAVIOR IN SEDIMENT-WATER SYSTEMS 
As described in the previous chapter and assessed by modeling as well (Gottschalk et 
al. 2009), sediment is a potential target of fullerenes. Nevertheless, water flows and 
mixing can release fullerenes back to water. Sediment-water mixtures were 
investigated to assess how effectively different kind on sediments may adhere 
fullerene agglomerates. In this study, sediment particles from different sources affected 
fate of nC60 during six days contact time. Quantities of water stabile fullerenes varied 
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between the tested sediments (figure 33). This could be due to fullerene association 
with sediment particles, and/or by differences in the nC60 agglomeration stage as valid 
for processes in natural waters.   
 
  
Figure 33: Water stable concentrations of nC60 (mg/L) Error bars represent standard deviations.  
 
  Particle associated amount of fullerenes (as mg C60/g OC) increased strongly with the 
rise of spiked concentration in Höytiäinen and Kuorinka sediments (figure 34). Instead, 
Lake Mekrijärvi sediment could retain only 16 mg C60/g OC. These results could be 
partly explained by different characters of sediments.  
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between the tested sediments (figure 33). This could be due to fullerene association 
with sediment particles, and/or by differences in the nC60 agglomeration stage as valid 
for processes in natural waters.   
 
  
Figure 33: Water stable concentrations of nC60 (mg/L) Error bars represent standard deviations.  
 
  Particle associated amount of fullerenes (as mg C60/g OC) increased strongly with the 
rise of spiked concentration in Höytiäinen and Kuorinka sediments (figure 34). Instead, 
Lake Mekrijärvi sediment could retain only 16 mg C60/g OC. These results could be 
partly explained by different characters of sediments.  
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Figure 34: A) Particle associated fullerenes in different spiking concentrations. B) Particle 
associated fullerenes in sediment-water systems after six days contact time calculated against 
organic carbon content of the sediment (mg C60/kg OC). Error bars represent standard 
deviations.  
 
  Partitioning between organic carbon of sediment and water (Koc) was determined as a 
slope of partitioning curve (figure 34) and were (1447, 1515, and 240)lw/kgoc for lakes 
Kuorinka, Höytiäinen, and Mekrijärvi, respectively. This result was consistent with 
those in natural waters: fullerenes more strongly interacted with sediments having 
aromatic character. This may be due to similar -  interactions described in the 
previous section, and recently by Wu et al. (2013). Adhering to the sediment matrix 
affects mobility of nC60 and defines species which could be exposed. Potentially, tight 
sorption with sediment particles can make fullerenes less bioavailable - if fullerenes 
behave as traditional chemicals. On the other hand, agglomeration and adhering to 
sediment particles modify fullerenes to be also bulk-like matter. This could mean that 
sediment-dwelling organisms would intake more fullerenes – but absorption and/or 
other effects of in-taken fullerenes to tissues need more investigations. Thus black 
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worms were exposed to fullerene-spiked sediment: the results will be presented in 
chapter 4.3.2. 
  Fullerenes’ release and ability to remain re-suspended from sediments was also 
investigated for eight days after six days contact time between the fullerenes and 
sediment. Re-suspending fullerenes released the most rapidly from Lake Mekrijärvi 
sediment in all concentrations, being 9±2% of spiked amount after eight days (figure 
35A). Releasing from sediments of lakes Kuorinka and Höytiäinen resembled one 
another, and released percentages were 4±1%. Amount of re-suspended fullerenes 
against OC content of each of the sediments was also highest in Lake Mekrijärvi (figure 
35B). These results corresponded to those observed in particle association studies, and 
in settling experiments in natural waters as well.   
 
  
 
 
 
 
Figure 35: A) Released water-stable percentages of spiked amount after eight days contact time. 
Spiked amount was 1.33 mg/5 g sediment wet weight. B) Re-suspended water stable fullerenes 
against OC content of the sediment.  
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Figure 34: A) Particle associated fullerenes in different spiking concentrations. B) Particle 
associated fullerenes in sediment-water systems after six days contact time calculated against 
organic carbon content of the sediment (mg C60/kg OC). Error bars represent standard 
deviations.  
 
  Partitioning between organic carbon of sediment and water (Koc) was determined as a 
slope of partitioning curve (figure 34) and were (1447, 1515, and 240)lw/kgoc for lakes 
Kuorinka, Höytiäinen, and Mekrijärvi, respectively. This result was consistent with 
those in natural waters: fullerenes more strongly interacted with sediments having 
aromatic character. This may be due to similar -  interactions described in the 
previous section, and recently by Wu et al. (2013). Adhering to the sediment matrix 
affects mobility of nC60 and defines species which could be exposed. Potentially, tight 
sorption with sediment particles can make fullerenes less bioavailable - if fullerenes 
behave as traditional chemicals. On the other hand, agglomeration and adhering to 
sediment particles modify fullerenes to be also bulk-like matter. This could mean that 
sediment-dwelling organisms would intake more fullerenes – but absorption and/or 
other effects of in-taken fullerenes to tissues need more investigations. Thus black 
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worms were exposed to fullerene-spiked sediment: the results will be presented in 
chapter 4.3.2. 
  Fullerenes’ release and ability to remain re-suspended from sediments was also 
investigated for eight days after six days contact time between the fullerenes and 
sediment. Re-suspending fullerenes released the most rapidly from Lake Mekrijärvi 
sediment in all concentrations, being 9±2% of spiked amount after eight days (figure 
35A). Releasing from sediments of lakes Kuorinka and Höytiäinen resembled one 
another, and released percentages were 4±1%. Amount of re-suspended fullerenes 
against OC content of each of the sediments was also highest in Lake Mekrijärvi (figure 
35B). These results corresponded to those observed in particle association studies, and 
in settling experiments in natural waters as well.   
 
  
 
 
 
 
Figure 35: A) Released water-stable percentages of spiked amount after eight days contact time. 
Spiked amount was 1.33 mg/5 g sediment wet weight. B) Re-suspended water stable fullerenes 
against OC content of the sediment.  
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  Fullerenes’ ability to form re-suspending agglomerates may define their mobility and 
enhance the exposure risk of aquatic species. In these studies Lake Mekrijärvi could 
stand for such an aquatic system. Instead, lakes Kuorinka and especially Höytiäinen 
represent systems with low water stability and low potential to reconstituting water 
stable agglomerates. Sediment character (as aliphatic – aromatic) could be an important 
factor for the fullerenes’ re-suspending. Organic carbon content may impact this 
behavior too. However, in these studies there was no significant difference in re-
suspending between lakes Kuorinka and Höytiäinen in view of their different OC 
content. Also, structural differences between sediments could be a part of the 
explanation of differing re-suspending ability. Lake Mekrijärvi sediment contained a 
relatively large amount of amorphic matter and very small particles, which could both 
retain fullerene agglomerates, holding them in the water phase more likely than those 
adhered to solid particles (figure 36). Nevertheless, this suggestion needs more 
investigations.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 36: A suggestion for impact of sediment structure on fullerenes’ re-suspending ability  
 
4.3 EFFECTS ON ORGANISMS 
4.3.1 Low toxicity but effective intake by D. magna 
Toxicity in AFW was investigated by preliminary test sets to assess relevant exposure 
concentrations. In some cases presence of DNOM can increase toxicity of fullerenes: 
already 0.1 mg/L in Lake Kontiolampi water caused immobility in this research, 
whereas lowest effective concentration in AFW has been 7 mg/L (Waissi 2010). 
Immobility percentages also differed among the source of natural waters (figure 37A-
B). The toxicity of nC60+DNOM formed in different waters assessed by comparing 
trends between functional groups (figure 37c). Nevertheless, 50 % immobility was not 
achieved in any treatment. These results were in consistence with those which have 
reported only low acute toxicity of fullerenes on D. magna (Henry et al. 2011, Petersen 
and Henry 2012). 
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Figure 37: Toxicity as immobilize percentages (± stdev) in fullerenes suspended to natural 
waters after A) 24 h, and B) 48 h. C) Connection between functional groups of DNOM and 
immobility of D. magna. R2 values for the trendlines are: aromaticity 0.61, carboxylic % 0.99, 
aromatic % 0.77, oxygen substituted aliphatic % 0.71, un-substituted saturated aliphatic % 
0.26. 
 
  The strongest correlation between functional groups of DNOM and immobility 
observed for carboxylic percentage, which decreased immobility. Oxygen substituted 
aliphatic percentage also diminished immobility. On the other side, a larger aromatic 
percentage increased immobility. These were the same DNOM characters which were 
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found to affect the water stability of fullerenes. Generally, the same characters which 
led to increasing water stability increased the immobility of D. magna. Water stability 
was associated to agglomerate size of nC60+DNOM and mirrored to toxicity as well 
(figure 38). Similar size-dependent toxicity of nC60 has been observed on D. magna for 
sonicated and THF-processed fullerenes (Lovern and Klaper 2006) and in cultured cells 
for toluene-processed fullerenes (Song et al. 2012).  
 
 
 
Figure 38: Effect of nC60+DNOM agglomerate size on EC20 values. 
 
  In toxicity tests, the exposure concentrations for accumulation experiments were set to 
0.5 and 2 mg/L in AFW, and 0.05 and 0.2 mg/L in natural waters. Light microscopy 
revealed that intake of fullerenes in D. magna was very rapid and effective (figure 39), 
thus sampling started 15 minutes after exposure start and was continued to 48 hours. 
Quantitative amounts were already observed in organisms after 15 min exposure.  
 
 
 
 
 
0 
1 
2 
3 
4 
5 
6 
0 200 400 600 800 1000 1200 
EC
20
 (4
8h
) 
Average agglomerate size (nm) 
 
 
A 
B 
C 
Figure 39: Intake of fullerenes in D.magna was 
qualified by light microscopy. A) Fullerene flow (an 
arrow) into the daphnia. B) An hour after exposure 
start: the gut is fulfilled and some agglomerates have 
stuck on the surface (arrows). C) A control organism. 
The gut is full of green algae. Photographs by K. 
Pakarinen and G. Waissi-Leinonen. 
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  Accumulation kinetics was investigated in AFW. Accumulation reached 90% of the 
calculated steady-state in 21 hours. The conditional accumulation rate coefficient ku 
(±stdev) was 1660±280 L/(kg*h) for exposure concentration 0.5 mg/L, and 400±70 
L/(kg*h) for 2 mg/L respectively. Total fullerene body burdens after 24 h was 4.5±0.7 
mg/kg wet weight at 2 mg/L and 4.3±0.7 at 0.5 mg/L. 
  Accumulation measured in natural waters is presented only as maximum body 
burdens (figure 40). Fullerene accumulation in Lake Kuorinka was even more effective 
than in AFW. Interestingly, the same characters of DNOM which had observed to lead 
to larger agglomerates, low water stability, and low toxicity were connected to higher 
maximum accumulation. These characters were decreasing molecular sizes of DNOM, 
increasing agglomerate size of nC60+DNOM, and high percentages of carboxylic and 
oxygen-substituted aliphatic groups. These characters possibly increased fullerenes 
tend to form tight agglomerates or aggregates, which could be difficult to excrete. 
Accumulation and depuration kinetics in natural waters could be under investigation 
in future. 
 
 
Figure 40: Maximum body burdens nC60 in D. magna. Error bars represent standard 
deviations.  
  
  Despite the large mass of ingested fullerenes, water fleas survived 48 hours. However, 
as TEM micrographs revealed, fullerenes were tightly packet in the gut lumen, which 
may disrupt function of microvilli and that way affect nutrition during a longer 
exposure period. Packaging of fullerenes seemed tightest in the highest exposures. 
Tightly packed and large fullerenes particles shortened microvilli (figure 41), which 
may prevent them from working normally. Disturbing of microvilli function by 
nanoparticles in aquatic crustaceans has been later discussed by Heinlaan et al. (2011) 
and Patra et. al. (2011) and in Chironomus riparius as well (Waissi-Leinonen et al. 2012). 
Microvilli disruption may be a general expression of nanoparticle toxicity.  
  A large amount of ingested fullerenes in relation to an organism’s mass, and 
fullerenes attached to the carapace may make daphnia to be vulnerable to predators. 
This hypothesis is reported by Lovern et al (2007):  behavioral changes caused by 
fullerenes on D. magna were observed and linked to susceptibility to predators as an 
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assumption. High body burdens may also offer fullerenes a route upward in aquatic 
food chains.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Among large particles in the gut lumen, also small nanoscale particles, diameter about 
10 nm, were seen on the surfaces of microvilli (figure 42). These kinds of particles were 
not observed on the microvilli of control organisms, thus they were assumed to be 
small fullerene agglomerates. This hypothesis could not be verified, because particles 
were too small for EDS-detection: elemental analysis often requires micrometer-scale 
particles to be analyzed depending upon the sensitivity of the instrument. Elemental 
analysis can be done also for a nanosize spot through the sample, but in that case 
measuring would include carbon atoms belonging to organism’s tissue in addition to 
the fullerenes. Interestingly, similar small nano-gold particles have been observed on 
the gut microvilli of D. magna by Lovern et al. (2008).  
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magna. A) Very tight packaging of 
fullerenes in 50 mg/L. B) Shortened 
microvilli (MW) and nC60 agglomerates. 
C) Control microvilli. Scale bars: A) 5,000 
nm, B) 1,000 nm, C) 2,000 nm. TEM 
micrographs by K. Pakarinen and G. 
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Figure 42: Assumed fullerene agglomerates on the surface of microvilli. Scale bar 100 nm. TEM 
micrograph by K. Pakarinen and G. Waissi-Leinonen. 
 
  The origin of the small particles could be simply suspension itself, because the 
diameter of the smallest observed particles in the stock suspension was 10-30 nm. It 
might also be possible that fullerene agglomerates could be partly dissociated to 
smaller in consequence of gut functions.  
  Bioconcentration factors on a wet mass basis were calculated after 24 hours in AFW: 
BCF for 2 mg/L was 2,000 and for an exposure concentration 0.5 mg/L it was 7,600. 
These high BCFs indicate that fullerenes should be expected to accumulate in 
organisms. However, absorption into the organism tissues was not observed: this 
means that BCF did not have the same significance as with traditional chemicals which 
are absorbed. In addition, fullerene masses in the organisms were similar regardless of 
exposure concentration. Thus the gut volume may be the limiting factor for fullerene 
body burdens in D. magna. This was confirmed by proportional changing of the uptake 
rate coefficients to the aqueous concentrations, and by the similar elimination rates for 
different concentrations. Consequently, traditional terms such like BCF may not be 
relevant for nanoparticle risk assessment, and thus it not was calculated for natural 
waters. 
  The depuration of fullerenes was investigated in AFW, but not in natural waters, 
where it could be included in future studies. Depuration occurred when daphnia had 
been transferred to clean artificial fresh water, but it was not complete after 48 hours. 
After 24 hours of depuration, 54  10% of the fullerenes remained in the organisms. 
Although there was more variability, a significant concentration of fullerene particles 
(26  14%) was still measured after 48 hours. The modeled elimination rate constant ke 
was 0.11±0.02 l/h for 2 mg/L exposure and 0.09±0.02 1/h for 0.5 mg/L. The depuration 
rate coefficient kd determined by the first-order decay model was 0.023±0.007 1/h, 
which is smaller than the values determined by the modeling of the accumulation data. 
This difference likely stems from the facilitated excretion of fullerenes with the 
ingestion of new fullerene particles during the accumulation experiments. Effect of 
feeding on depuration was later examined. Ingestion of algae (Selenastrum) accelerated 
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Figure 42: Assumed fullerene agglomerates on the surface of microvilli. Scale bar 100 nm. TEM 
micrograph by K. Pakarinen and G. Waissi-Leinonen. 
 
  The origin of the small particles could be simply suspension itself, because the 
diameter of the smallest observed particles in the stock suspension was 10-30 nm. It 
might also be possible that fullerene agglomerates could be partly dissociated to 
smaller in consequence of gut functions.  
  Bioconcentration factors on a wet mass basis were calculated after 24 hours in AFW: 
BCF for 2 mg/L was 2,000 and for an exposure concentration 0.5 mg/L it was 7,600. 
These high BCFs indicate that fullerenes should be expected to accumulate in 
organisms. However, absorption into the organism tissues was not observed: this 
means that BCF did not have the same significance as with traditional chemicals which 
are absorbed. In addition, fullerene masses in the organisms were similar regardless of 
exposure concentration. Thus the gut volume may be the limiting factor for fullerene 
body burdens in D. magna. This was confirmed by proportional changing of the uptake 
rate coefficients to the aqueous concentrations, and by the similar elimination rates for 
different concentrations. Consequently, traditional terms such like BCF may not be 
relevant for nanoparticle risk assessment, and thus it not was calculated for natural 
waters. 
  The depuration of fullerenes was investigated in AFW, but not in natural waters, 
where it could be included in future studies. Depuration occurred when daphnia had 
been transferred to clean artificial fresh water, but it was not complete after 48 hours. 
After 24 hours of depuration, 54  10% of the fullerenes remained in the organisms. 
Although there was more variability, a significant concentration of fullerene particles 
(26  14%) was still measured after 48 hours. The modeled elimination rate constant ke 
was 0.11±0.02 l/h for 2 mg/L exposure and 0.09±0.02 1/h for 0.5 mg/L. The depuration 
rate coefficient kd determined by the first-order decay model was 0.023±0.007 1/h, 
which is smaller than the values determined by the modeling of the accumulation data. 
This difference likely stems from the facilitated excretion of fullerenes with the 
ingestion of new fullerene particles during the accumulation experiments. Effect of 
feeding on depuration was later examined. Ingestion of algae (Selenastrum) accelerated 
100 nm 
68 
 
depuration after few hours and enabled completed clearance (table 11, unpublished 
data). Depuration in natural circumstances is expected to follow more that observed 
with feeding because nutrient particles probably exist.  
 
Table 11: Masses of fullerenes remaining in D.magna without and with feeding in AFW. 
 
Time (h) Without feeding 
nC60 µg/mg daphnia ww±stdev 
Feeding 
nC60 µg/mg daphnia ww±stdev 
0 4.45±0.84 4.52±1.05 
1 3.91±0.87 3.41±1.46 
4 4.32±1.04 0.81±0.16 
24 2.20±1.37 0.39±0.25 
48 1.02±0.28 under detectection limit 
 
  Although absorption into the tissues of organisms is questionable, fullerene uptake 
should be taken into consideration when assessing their potential environmental 
effects. Large concentrations of ingested fullerenes and relative slow depuration may 
make water fleas trophic transfers of fullerenes to predators like fishes, and may offer 
fullerenes route to human food as well. In addition to the potential effects of fullerenes 
themselves, their ability to adsorb other contaminants must be taken to account when 
assessing fullerenes’ risks to aquatic organisms. For example, PAHs, which are 
ubiquitous and abundant in notable concentrations in the environment, may 
accumulate with fullerenes to organisms if they are concurrently present. For example, 
Baun et al. (2008) reported that phenanthrene sorbed to nC60 accumulated to daphnia 
and the toxicity of phenanthrene+nC60 was 60% higher compared to its toxicity without 
fullerene.  
  Water fleas were found to modify fullerene agglomerate size in their gut (figure 43). 
Large excreted agglomerates were substantially settled to the bottom, causing decrease 
in exposure concentration. Decreasing concentration was taken into account in 
modeling by using coefficient lambda ( ) and is presented in paper III. 
 
 
Figure 43: On the left: Tight packing of fullerenes and large agglomerates inside the gut of 
D.magna after 24 hour exposure. A = the gut wall, B = microvilli, C = the gut lumen packed by 
large and angular fullerene agglomerates. Scale bar 5000 nm. On the right: Spherical 
agglomerates in exposure suspension. Scale bar 200 nm. Reprinted from paper III. 
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  Concentration loss by organisms and due to different agglomeration was investigated 
also in toxicity tests done in natural waters. In both Lakes Kontiolampi and Mekrijärvi 
immobility percentage reached maximum in the middle of the concentration series, but 
lowered in the highest concentrations. This was very probably due to settling of 
fullerenes, which reduced actual exposure concentrations. Daphnia were able to reduce 
exposure concentration by packing fullerenes in their feces which settled onto the 
bottom. Similar concentration loss was observed also during toxicity tests (Waissi 2010) 
and bioaccumulation tests in artificial freshwater, and was later reported by Patra et al. 
(2011) in another crustacean species.  
  The potential concentration loss is important to understand when toxicity and 
bioaccumulation test conditions are planned. It could be taken to account either in 
handling of results by using average concentrations in time range rather than nominal 
ones, or by retarding settling by preparing stock suspensions in lower concentrations.  
 
4.3.2 Benthic worms bring about cycling 
Only minimal effects were observed in L. variegatus, although exposure concentrations 
were relatively high. Fullerenes did not affect survival of the worms, nor their 
burrowing behavior or reproduction. Feeding rates decreased slightly in both exposure 
concentrations indicating fullerenes’ disruptive effect on feeding (figure 44). 
 
 
Figure 44: Total pellet mass production during 28 days. Reprinted from the paper IV. 
 
  Depuration efficiency decreased in the high concentration only. Electron and light 
microscopy and extraction of the worm fecal pellets revealed fullerene agglomerates in 
the gut tract. However, absorption into gut epithelial cells was not observed. Electron 
micrographs indicated damage in the epidermal cuticle fibers: a part of the fibers were 
locally destroyed in the 50 mg/kg exposures (figure 45). Cuticle fibers may act as a 
protective layer, thus their damaging may make worms susceptible to other 
contaminants. However, damaged fibers were observed only in very high 
concentration, and thus damages are not expected to occur in more environmental 
relevant exposures. An interesting aspect here is that cuticle damages were later 
reported in earthworms after fullerene exposure (van der Ploeg et al. 2012).   
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depuration after few hours and enabled completed clearance (table 11, unpublished 
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Figure 43: On the left: Tight packing of fullerenes and large agglomerates inside the gut of 
D.magna after 24 hour exposure. A = the gut wall, B = microvilli, C = the gut lumen packed by 
large and angular fullerene agglomerates. Scale bar 5000 nm. On the right: Spherical 
agglomerates in exposure suspension. Scale bar 200 nm. Reprinted from paper III. 
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  Concentration loss by organisms and due to different agglomeration was investigated 
also in toxicity tests done in natural waters. In both Lakes Kontiolampi and Mekrijärvi 
immobility percentage reached maximum in the middle of the concentration series, but 
lowered in the highest concentrations. This was very probably due to settling of 
fullerenes, which reduced actual exposure concentrations. Daphnia were able to reduce 
exposure concentration by packing fullerenes in their feces which settled onto the 
bottom. Similar concentration loss was observed also during toxicity tests (Waissi 2010) 
and bioaccumulation tests in artificial freshwater, and was later reported by Patra et al. 
(2011) in another crustacean species.  
  The potential concentration loss is important to understand when toxicity and 
bioaccumulation test conditions are planned. It could be taken to account either in 
handling of results by using average concentrations in time range rather than nominal 
ones, or by retarding settling by preparing stock suspensions in lower concentrations.  
 
4.3.2 Benthic worms bring about cycling 
Only minimal effects were observed in L. variegatus, although exposure concentrations 
were relatively high. Fullerenes did not affect survival of the worms, nor their 
burrowing behavior or reproduction. Feeding rates decreased slightly in both exposure 
concentrations indicating fullerenes’ disruptive effect on feeding (figure 44). 
 
 
Figure 44: Total pellet mass production during 28 days. Reprinted from the paper IV. 
 
  Depuration efficiency decreased in the high concentration only. Electron and light 
microscopy and extraction of the worm fecal pellets revealed fullerene agglomerates in 
the gut tract. However, absorption into gut epithelial cells was not observed. Electron 
micrographs indicated damage in the epidermal cuticle fibers: a part of the fibers were 
locally destroyed in the 50 mg/kg exposures (figure 45). Cuticle fibers may act as a 
protective layer, thus their damaging may make worms susceptible to other 
contaminants. However, damaged fibers were observed only in very high 
concentration, and thus damages are not expected to occur in more environmental 
relevant exposures. An interesting aspect here is that cuticle damages were later 
reported in earthworms after fullerene exposure (van der Ploeg et al. 2012).   
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Figure 45: Normal cuticle fibers in control worm (up), and damaged cuticle in 50 mg/kg 
exposed worm (below). Marked close-ups on the right, scale bars 10 and 1 µm. Electron 
micrographs by K. Pakarinen.  
 
  Pellet extraction revealed that worms could transfer and concentrate fullerenes from 
sediment to its surface: pellets contained fullerenes twice as high as the test sediment. 
This bioturbation process restores fullerenes to be more mobile in water flows and 
available for species living either on sediment surface or in water.   
4.3.3 A conclusion for organisms: Does it cycle “forever”? 
Both tested organisms were able to survive despite relatively high fullerene 
concentrations. Tissue damages were observed only in L. variegatus and occurred in 
high concentration only. Guts of daphnia were filled with fullerenes which caused 
shortening and thickening of microvilli and was discussed to possibly affect nutrition 
especially if that change is irreversible. Disruptive effect on feeding was observed also 
in L. variegatus as a decreased feeding rate. Disturbance in nutrition may affect 
organisms’ health and reproduction ability. Thus it could be relevant to do longer term 
experiments which could reveal such effects more clearly. These studies were focused 
on singular organisms and one generation only. Examination of larger population or 
more generations could offer more realistic scenery for understanding fullerenes’ 
environmental effects.  
  As chemically stable molecules, fullerenes are not expected to decompose in 
environment, which makes them to be able to remain and accumulate within time. The 
observation that both organisms were able to affect fullerenes’ placement - D. magna 
removed fullerenes from water and L. variegatus concentrated them onto sediment 
surface - supports the need for wider experiments to understand fullerenes’ 
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movements and long-term effects in the aquatic environment. In addition, water fleas 
took rapidly high amounts of fullerenes and thus could act as a trophic transfer to 
predators. In the light of these studies, trophic transferring is not expected by L. 
variegatus, but worms were able to relocate fullerenes from sediment to its surface. 
Bioturbation is described for several traditional chemicals, too, and it can release 
contaminants back to sediment surface or water (Konovalov et al. 2010). Similar release 
could occur with fullerenes too. Cycling processes by organisms may be more 
significant than direct toxic effects on organisms, thus cycling should be taken to 
account in fullerene risk assessment.    
  In sediment-behavior studies fullerenes were observed to adhere to particles more 
tightly in sediments of lakes Höytiäinen and Kuorinka than in Lake Mekrijärvi. 
Adhering potential may cause differences between intake and bioavailability of 
fullerenes in different sediments, and could be more investigated. Bioturbation by L. 
variegatus occurred in sediment of Lake Höytiäinen. This could be due tight adhering 
to sediment particles: organisms would not be able to separate fullerenes from 
sediment matrix. Does similar bioturbation happen also in sediment with more 
aliphatic character and thus lower adhering to particles?  
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Figure 45: Normal cuticle fibers in control worm (up), and damaged cuticle in 50 mg/kg 
exposed worm (below). Marked close-ups on the right, scale bars 10 and 1 µm. Electron 
micrographs by K. Pakarinen.  
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5 Concluding remarks 
5.1 ROLE OF WATER AND SEDIMENT CHEMISTRY  
Fullerenes are very stable molecules. With increasing use stability allows them to 
potentially accumulate in aquatic environments which may raise the environmental 
concentrations of fullerenes.  
  Fullerenes’ fate in aquatic environments depends on water chemistry. Some water 
characters can be used to predict fullerenes’ main target phase and thus endangered 
species, which is important for risk assessment. High water stability lengthens 
exposure period of aquatic species and also let fullerenes to be exposed to sunlight 
longer times and transformed to products which may cause unpredictable effects. The 
large molecular size of DNOM, high amount of aromatic and un-substituted saturated 
aliphatic groups and less carboxylic groups seemed to enhance fullerenes’ stability in 
freshwater for several months. High value of parameter sUVa could predict high water 
stability of fullerenes. 
The same water characters that increased water stability were also connected to 
diminished agglomerate size which can cause toxic responses at lower concentrations 
than larger agglomerates. On the other side, opposite characters such as small DNOM 
molecular size and high amount of carboxylic groups can predict effective settling to 
the bottom of the test beakers or in the natural environment to sediments. Settled 
fullerenes are thus still available for benthic species. The same properties that lead 
effective settling can also make fullerenes to be “loaded” into organisms and retard 
their depuration increasing potential to be transferred in food web.   
  Effective settling decreased exposure concentrations in the time range of standard 
toxicity tests. This should be considered when planning test conditions, for example by 
using preferably average concentrations rather than nominal concentrations in 
calculations. On the other hand, enhanced settling can be used in those studies where it 
is required that nanoparticles reach bottom sediments and are exposed to benthic 
species.  
  Fullerene agglomerates adhered to sediment particles. The most aromatic sediment 
bound fullerenes to a greater extent than a sediment with aliphatic character. 
Respectively, fullerenes desorbed more rapidly from aliphatic sediment than from 
aromatic ones. The importance of sediment character was observed similarly in re-
suspending experiments: fullerenes’ released more from the sediment with aliphatic 
character than aromatic ones. These data could be used as suggestive assumptions in 
assessing fullerenes’ fate, fullerene-caused risks and risk targets in aquatic 
environments. Nevertheless, much more knowledge is needed to fully understand 
these processes. 
 
5.2 TROPHIC TRANSFERRING AND CYCLING BY ORGANISMS   
 
Fullerenes were effectively ingested by water fleas. Those characters which led 
enhanced agglomeration were connected to more effective intake by water fleas. 
Effective intake makes trophic transferring possible and can lead to adverse impacts in 
other species. Instead, harmful effects on individual organisms were relatively slight in 
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both tested species. An interesting observation was that toxic responses occurred at 
low concentrations but not at higher ones. Possibly low concentrations could affect by 
a different mechanism than higher concentrations. Another explanation could simply 
be that fullerenes were settled out of solution in high concentrations and thus real 
exposure concentrations became lower than initially measured.  
  Black worms did not collect fullerenes into their bodies, and probably will not act as 
vehicles for trophic transfer. The only clear effect in black worms was cuticle fiber 
damage, but it appeared in very high exposure concentration and thus was not 
environmentally probable. Nevertheless, cuticle damage was an interesting finding. It 
has been later observed also on a terrestrial worm by other researches, and may reflect 
that fullerenes can retain their biological activity after agglomeration and mixing with 
environmental matrix.  
  Fullerenes were observed to be transferred from one phase to another by organisms, 
which make assessing their fate more challenging. Both water fleas and black worms 
moved fullerenes to sediment surface offering fullerenes route to those species living 
on the sediment, as well as to be potentially re-mobilized by water flows. Bioturbation 
was observed in Lake Höytiäinen sediment. The same sediment was assessed to retain 
fullerenes, which could make it to act similarly in black worms diminishing 
bioavailability.     
 
5.3 SOME CONSIDERATIONS 
 
Calculated BCF values on D. magna varied among different exposure concentrations, 
because the mass of fullerenes in the organisms did not change based upon the 
aqueous concentration. In this respect, it is unclear whether terms such as BCFs are 
relevant for nanoparticle risk assessment.  
  Another notice in these studies was that D. magna were able to settle fullerenes out of 
suspension diminishing exposure concentration. This must be taken to account either 
in inspection of the results or possibly in exposure arrangements. In addition, knowing 
the general settling behavior of fullerenes is important especially in long-term 
exposures. Traditional toxicity models do not perceive concentrations loss, thus 
fullerenes might need new models to be handled appropriately, or stability of exposure 
concentrations should be verified through experiments.   
 
5.4 NEEDS FOR FUTURE RESEARCH 
 Bioturbation was observed in one kind of sediment in these studies, and should 
be studied in other types of sediments, too. Bioturbation process may be 
different in another kind of sediment due to differences between sediment-
fullerene interactions, especially in sediments with high re-suspending 
potential.  
 Intake and bioavailability in different kind of sediments: Does more effective 
intake and bioavailability occur if fullerenes are less strongly adhered to 
sediment particles?  
 Effects of fullerenes on cell membranes and cells: do they need to be penetrated 
through the cell membrane to cause effects (e.g. oxidative damages) or can they 
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affect also by sticking on the cell membranes and causing effects on epithelial 
surfaces?  
 Fullerene agglomerates can bind other contaminants. These contaminants can 
reach different targets in organisms when they are bound to fullerenes than 
they would reach themselves. This may cause unknown effects in organisms 
and should be studied.  
 The intake and bioavailability of other contaminants with fullerenes spiked to 
environmental matrix should be studied. How does chemical surrounding (e.g. 
character DNOM or sediment) effect on these processes? 
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Kukka Pakarinen
Carbon nanoparticles in aquatic 
environments: Fate of fullerenes 
(C60) in freshwaters and their 
effects on organisms
Fullerenes are a promising 
group of carbon nanoparticles. 
Nano-size offers them special 
properties compared to bigger 
forms of carbon. Those properties 
may cause environmental risk if 
fullerenes are released into the 
environment. The present thesis 
covers analyzing methods for 
fullerenes in environmental samples, 
reveals fullerenes’ fate in aquatic 
environments, and demonstrates their 
effects on two aquatic species, water 
fleas and black worms.
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